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THE USE OF PLASTIC WASTE MATERIALS IN ASPHALT PAVEMENTS 
SUMMARY 
In this study first, it is given some information about polymer terminology, 
physical properties of polymers, polymer types, plastics and plastic types to 
supply a basis for this thesis. Moreover, after explaining the types of waste 
materials sources on polymers and other main sources are explained in detail. 
The main subject of the thesis, recycling of the waste materials, recycling 
methods and re-using them in road construction is examined about their 
performance and factors that effect their performance.  
After a detail study about the performance factors was made, with some sample 
studies were determined physical, chemical and a cost analysis of using waste 
materials in pavements. Results of the study show that, the usage of the plastic 
waste must be decided according to composition, volume of the traffic and 
climate. The waste plastic should be placed and mixed as possibly as in to the 
asphalt pavement. As a result, all study shows that using the plastic waste in 
asphalt pavement must be taken into consideration during highway planning 
studies and to make a decision about plastic waste in asphalt pavement 
construction on existing highways; pavement behavior must be considered as 
well.  
 xiii
PLASTİK ATIKLARIN ASFALT YOL KAPLAMALARINDA 
KULLANILMASI 
ÖZET 
Bu çalışmada, öncelikle tezin amacına yönelik temel bilgileri sağlamak amacıyla 
temel polymer kavramları, polimerlerin fiziksel özellikleri, polimer çeşitleri, 
plastikler ve plastik türleri hakkında bilgi verilmiştir. Ayrıca, çeşitli 
polimerlerden  kaynaklanan katı atık türleri belirtildikten sonra bu tür atıkları 
oluşturan faktörler incelenmiştir. Plastik atıkların geri dönüştürülmesi, geri 
dönüşüm metodları  ve yeniden yol inşaatında kullanılması tez çalışmasının 
temelini oluşturulmuştur.  
Atık plastiklerin performansını etkileyen değişkenlerin etkileri sırasıyla 
araştırıldıktan sonra örnek çalışmalar ile plastik atık kullanılarak yapılan 
yolların fiziksel, kimyasal ve ekonomik değerlendirmesi yapılmıştır. Elde edilen 
sonuçlara göre plastik atıkların kullanılması , trafik kompozisyonuna, 
miktarına, iklim şartlarına, göre belirlenmelidir. Belirlenen plastik atık 
olabildiğince asfalt karışımına karıştırılmalıdır. Sonuç olarak plastik atıkların 
üzerinde yapılması gereken çalışmaların yolların planlanması aşamasında göz 
önünde bulundurulması gerektiği ve mevcut yollarda yapılacak çalışmalarda ise  
plastik atıkların asfalt yol kaplamalarında davranışlarının dikkate alınarak 




Transport or transportation is the movement of people and goods from one place to 
another. The term is derived from the Latin trans ("across") and portare ("to carry"). 
Industries which have the business of providing equipment, actual transport, 
transport of people or goods and services used in transport of goods or people make 
up a large broad and important sector of most national economies, and are 
collectively referred to as transport industries. 
Transportation firstly divides two groups such as non-human and human 
transportation. Humans may ride some of the larger of these animals directly, use 
them as pack animals for carrying goods, or harness them, singly or in teams, to pull 
(or haul) sleds or wheeled vehicles. Human transportation is known as: 
• air transport; 
• cable transport;  
• conveyor transport; 
• human-powered transport; 
• hybrid transport; 
• new mobility agenda; 
• rail transport; 
• road transport, including human-powered transport such as walking and 
cycling; 
• ship transport; 
• space transport; 
• sustainable transportation; 
• transport on other planets;  
• proposed future transport. 
Nowadays the most common one is road transport. Construct a road can be done with 
using two different ways such as rigid and flexible pavements. Rigid pavements are 
so named because the pavement structure deflects very little under loading due to the 
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high modulus of elasticity of their surface course.  A rigid pavement structure is 
typically composed of a PCC surface course built on top of either the subgrade or an 
underlying base course.  Because of its relative rigidity, the pavement structure 
distributes loads over a wide area with only one, or at most two, structural layers. The 
most common type of flexible pavement surfacing in the U.S. is hot mix asphalt 
(HMA).  Hot mix asphalt is known by many different names such as hot mix, asphalt 
concrete (AC or ACP), asphalt, blacktop or bitumen. HMA is distinguished by its 
design and production methods and includes traditional dense-graded mixes as well 
as stone matrix asphalt (SMA) and various open-graded HMA’s.  Typically agencies 
consider other types of asphalt-based pavement surfaces such as fog seals, slurry seals 
and BST’s to be maintenance treatments and are therefore covered in the 
Maintenance & Rehabilitation section.  Reclaimed asphalt pavement (RAP) is 
generally considered a material within HMA, while forms of in-place recycling are 
considered separately.  
Flexible pavement gives us an opportunity to use waste materials in it like plastic 
waste after recycle. There is a wide range of products made from recycled plastic. 
This includes polyethylene bin liners and carrier bags, PVC sewer pipes, flooring and 
window frames, building insulation board, video and compact disc cassette cases, 
fencing and garden furniture, water butts, garden sheds and composters, seed trays, 
anoraks and fleeces, fibre filling for sleeping bags and duvets, and a variety of office 
accessories. Despite the wide range of recycled plastics applications, the actual 
tonnage of waste plastic which is returned to the material cycle is relatively small. 
Currently, recycled plastics are rarely used in food packaging - the biggest single 
market for plastics - because of concerns about food safety. A method of addressing 
this problem is by enclosing the recycled plastic between layers of virgin plastic to 
ensure the packaging conforms to hygiene standards. These multi-layered containers 
are now being used in some drinks bottles, but recycling cannot eliminate the colors 
from plastics so they cannot be used in transparent or light colored applications. 
Another constraint on the use of recycled plastics is that, to be economically viable, 
plastic processors require large quantities of recycled plastics, manufactured to tightly 
controlled specification at a competitive price in comparison to that of virgin 
polymer. This is a challenging task, particularly in view of the diversity of sources of 
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waste plastics, the wide range of polymers used and the high potential for 
contamination of plastics waste. 
The use of recycled materials in road pavements is nowadays considered not only as a 
positive option in terms of sustainability, but also, in some cases, as an attractive 
means of providing enhanced performance in service. This is especially true in the 
case of recycled plastics, the use of which in bituminous mixtures has been 
investigated since the late 80s. Depending upon their chemical composition and 
physical state, they have been employed both as additives of the binder phase or as 
elements which partially substitute the particles composing the aggregate skeleton. 
However, as proven by reported investigations, general conclusions cannot be drawn 
since both laboratory studies and practical applications are extremely plastic-specific 
and limited long-term data are available. 
Following previous studies already completed in this area, they were carried out a 
laboratory investigation which focused on the use of recycled plastics in bituminous 
mixtures. The goal of the project was to seek an alternative use of plastics obtained as 
by-products of manufacturing processes or available within the framework of 
differential waste collecting. Since current Technical Specifications do not 
specifically refer to the use of recycled plastics in bituminous mixtures, the approach 
adopted for characterization was based on the evaluation of both volumetric 
properties, to which design and acceptance procedures routinely refer for standard 
mixtures, and mechanical, performance related properties, which are recommended in 
the case of innovative materials. 
Asphalts are multiphase systems with rheological behavior resembling that of the 
low-molecular-weight polymers (Rozeveld et. al., 1997). Because of the complexity, 
the complete internal structure of asphalt is not yet known. There are two types of 
asphalt, natural and artificial. Artificial asphalts are derived from petroleum and 
contain many functional groups. 
The primitive structure model of asphalt is a combination of maltenic and aspahltenic 
phases. Maltene is a mixture of different hydrocarbons, ranging from aliphatic to 
aromatic species. In a broad sense, asphalt consists of three main constituents: oil, 
resins and asphaltenes. An average asphalt sample has an asphaltene/resin/oil ratio of 
approximately 23/27/50 and asphaltene content is higher for harder asphalt. The 
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majority part of the world’s asphalt production is used by the paving industry. 
Because of the availability of relatively low coast binders, the roadway networks in 
Countries have developed rapidly than those of many other industrialized countries 
(Al-Dubabe et al., 1998). Aggregate (94-96 wt %) and asphalt binder (4-6 wt %) are 
the conventional materials of hot mix asphalt concrete (HMAC). This small amount 
of asphalt binder influences pavement performance more than the aggregate because 
of the environmental factors, such as heat and sun radiation. The increase in road 
traffic during the last two decades in combination with an insufficient degree of 
maintenance has caused an accelerated deterioration of road structures in many 
countries (Isacsson et al., 1995). To minimize the deterioration and thereby to 
increase the long term durability of a flexible pavement, the asphalt layers should be 
improved with regard to performance-related properties, such as resistance to 
permanent deformation, low temperature cracking, load-associated fatigue, wear, 
stripping and ageing. Moreover, for certain applications, such as bridges, runways 
and surfaces with high traffic loading, special binders are urgently required (Lu and 
Isacsson, 1997). With the increasing of traffic load various improvements of the 
engineering properties of asphalt are sought. Asphalt concrete pavement is widely 
used through all over the world. But asphalt pavements suffer from different types of 
stress. The most commonly observed types of distress in asphalt concrete pavements 
are rutting, fatigue cracking, low temperature cracking, ageing, raveling and stripping 
(Ait-kadi et al., 1996; Ali et al., 1999 Lu et al., 1998 & 1999; Yousefi et al., 2000; 
Carreau et al., 2000). Because of its viscoelastic nature, asphalt binder behavior 
depends on both temperature and rate of loading. At high temperatures, asphalt shows 
good viscous flow properties with little or no flow resistance, which causes 
permanent deformation (rutting). At low temperature, asphalt becomes a brittle, 
elastic solid with little or no viscous properties, which causes thermal cracking. 
Within the intermediate temperature zone, asphalt usually fails by fatigue cracking, 
which is caused by repeated loading. In the Kingdom harsh weather conditions affect 
the asphalt pavement. In addition to that stress on asphalt pavement has increased due 
to heavy traffic, which enhanced this deterioration. Local asphalts do not meet the 
required performance grading (PG) at high temperature (76ºC). Also, variations of 
rheological properties with temperature should be reduced. Hence, polymer 
modification of asphalt is required. Several additives are being used to increase the 
performance of asphalt binders. 
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Polymers are the most widely used additives in asphalt modification and give better 
performance. But polymer asphalt mixer is not compatible. Moreover, asphalt 
polymer is a complex mixture and the mechanism of action for most of the polymers 
is insufficiently understood (Isacsson et al., 1995). Polymer-modified asphalt 
performance depends on the type and amount of polymer, and the asphalt type. 
Isacsson and Lu (1999) reported that the rheological properties of bitumen are 
determined by molecular interactions (molecular forces), which in turn depend on 
chemical compositions. In principle, desired rheological properties of bitumen may be 
achieved by changing chemical composition using an additive or chemical reaction 
modification.  
There are different techniques to evaluate the properties of asphalt and modified 
asphalt. But these results are not consistent. The general objective of this research 






Although we know the term polymer in popular usage "plastic", polymers comprise a 
large class of natural and synthetic materials with a variety of properties and purposes. 
Natural polymer materials such as shellac and amber have been in use for centuries. 
Paper is manufactured from cellulose, a naturally occurring polysaccharide found in 
plants. Biopolymers such as proteins and nucleic acids have important roles in 
biological processes (Brandrup, J. et al 1999). 
The term polymer was invented in 1833, around the same time as Henri Braconnot's 
pioneering work in specialized cellulose compounds. It was the earliest important 
work in polymer science. The development of vulcanization later in the nineteenth 
century improved the durability of the natural polymer rubber, signifying the first 
popularized semi-synthetic polymer. Bakelite, the first wholly synthetic polymer, was 
introduced in 1909. In spite of significant advances in synthesis and characterization 
of polymers, a main understanding of polymer molecular structure did not come until 
the 1920s. Before that, scientists believed that polymers were clusters of small 
molecules (called colloids) without definite molecular weights, kept together by an 
unknown force, a concept known as association theory. In 1922, Hermann Staudinger 
suggested that polymers were made of long chains of atoms held together by covalent 
bonds, an idea which did not accepted for over a decade, and for which Staudinger 
was ultimately awarded the Nobel Prize. In the following century, synthetic polymer 
materials such as nylon, polyethylene, teflon and silicone have formed the basis for a 
burgeoning polymer industry (IUPAC, 1996). 
Synthetic polymers today are used in nearly every industry and area of life. Polymers 
are widely found applications as adhesives and lubricants, as well as structural 
components for products ranging from children’s' toys to aircraft. Polymers such as 
poly (methyl methacrylate) find application as photoresist materials used in 
semiconductor manufacturing and low-k dielectrics for use in high-performance 
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microprocessors. Future applications include flexible polymer-based substrates for 
electronic displays and improved time-released and targeted drug delivery (Ashby, 
Michael et al 1996). 
1.2 Polymer Science 
Most polymer research is usually categorized as polymer science, a sub-discipline of 
materials science which includes researchers in: 
• chemistry (especially organic chemistry); 
• physics; 
• engineering. 
Polymer science may be roughly divided into two subdisciplines: 
• polymer chemistry or macromolecular chemistry, concerned with the 
chemical synthesis and chemical properties of polymers; 
• polymer physics are concerned with the bulk properties of polymer materials 
and engineering applications. 
The field of polymer science is generally concerned with synthetic polymers, such as 
plastics, or chemical treatment and modification of natural polymers. 
The study of biological polymers, their structure, function and method of synthesis is 
generally the purview of biology, biochemistry and biophysics. These disciplines 
have some of the terminology familiar to polymer science, especially when describing 
the synthesis of biopolymers such as DNA or polysaccharides (Meyers, et al 1999). 
1.2.1 Polymer Synthesis 
Polymers are separated by three primary methods: 
• organic synthesis in a laboratory or factory; 
• biological synthesis in living cells and organisms; 





1.2.2 Organic Synthesis 
In 1907, the first completely synthetic polymer called Bakelite was created by Leo 
Baekeland, by reacting phenol and formaldehyde at precisely controlled temperature 
and pressure. Subsequent work by Wallace Carothers in the 1920s demonstrated that 
polymers could be synthesized rationally from their constituent monomers. The 
previous years have shown significant developments in rational polymer synthesis. 
Most commercially important polymers today are entirely synthetic, produced in high 
volume on appropriately scaled organic synthetic techniques (IUPAC, 1976). 
Laboratory synthetic methods are generally divided into two categories: 
• chain-growth polymerization; 
• Addition polymerization though some newer methods, such as plasma 
polymerization do not clearly fit into either category. Synthetic polymerization 
reactions may be completed with or without a catalyst. 
1.2.3 Biological Synthesis 
Natural polymers and biopolymers formed in living cells may be synthesized by 
enzyme-mediated processes, such as the formation of DNA catalyzed by DNA 
polymerase. The synthesis of proteins contains multiple enzyme-mediated processes 
to record genetic information from the DNA and then translate that information to 
synthesize the specified protein. The protein may be modified further following 
translation in order to provide appropriate structure and function (Brandrup, J.; et al., 
1999). 
1.2.4 Modification of Natural Polymers  
Many commercially important polymers are synthesized by chemical modification of 
naturally occurring polymers. Prominent examples include the reaction of nitric acid 
and cellulose to form nitrocellulose and the formation of vulcanized rubber by 
heating natural rubber in the presence of sulfur. 
1.3 Describing Polymers 
The properties of a polymer depend both on what kinds of monomers combination of 
the molecule, and how those monomers are organized. For example, a linear chain 
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polymer may be soluble or insoluble in water depending on whether it is composed 
of polar monomers (such as ethylene oxide) or nonpolar monomers (such as styrene). 
On the other hand, two samples of natural rubber may exhibit different durability 
even though their molecules are comprised of the same monomers. Polymer 
scientists have developed terminology to precisely describe both the nature of the 
monomers as well as their relative arrangement (IUPAC, 1996). 
1.3.1    Physical Properties of Polymers 
The properties of polymers vary dramatically depending on the nature, number, and 
arrangement of the constituent subunits. The same terminology used to describe the 
properties of non-polymer substances or molecules may be applied to polymers. 
Expressions of Mass or Size 
“Like any molecule, a polymer molecule may be described in terms of molecular 
weight or mass. In homopolymers or block copolymers, however, the molecular mass 
may be expressed in terms of degree of polymerization, essentially the number of 
monomer units which comprise the polymer or block. For synthetic polymers, the 
molecular weight is expressed statistically to describe the distribution of molecular 
weights in the sample. Examples of such statistics include the number average 
molecular weight and weight average molecular weight. The ratio of these two values 
is the polydispersity index, commonly used to express the "width" of the molecular 
weight.” (IUPAC, 1976). 
Standardized Polymer Nomenclature 
There are multiple agreements for naming polymer substances. Many commonly used 
polymers, such as those found in consumer products, are referred to by a common or 
trivial name. The trivial name is chose based on historical precedent or popular usage 
rather than a standardized naming convention. Both the American Chemical Society 
and IUPAC have proposed standardized naming conventions; the ACS and IUPAC 
conventions are similar but not exactly the same. Examples of the difference between 





Table 1.1: Various Naming Conventions 
Common Name ACS Name IUPAC Name 
Poly(ethylene 
















In both standardized conventions the polymers names are planned to reflect the 
monomer(s) from which they are synthesized rather than the precise nature of the 
repeating subunit. For example, the polymer synthesized from the simple alkene 
ethene is called polyethylene, retaining the “-ene” suffix even though the double bond 
is removed during the polymerization process:   
 
 
Figure 1.1: The Polymerization of Ethene in to Poly (ethene) 
1.3.2    Chemical Properties of Polymers 
The attractive forces between polymer chains play a large part in determining a 
polymer's properties due to polymer chains’ length. Different side groups on the 
polymer can lend the polymer to ionic bonding or hydrogen bonding between its own 
chains. These stronger forces typically result in higher tensile strength and melting 
points. 
The intermolecular forces in polymers can be affected by dipoles in the monomer 
units. Polymers containing amide or carbonyl groups can form hydrogen bonds 




groups of one chain are strongly attracted to the partially negatively charged oxygen 
atoms in C=O groups on another. 
These strong hydrogen bonds like result in the high tensile strength and melting point 
of polymers contain urethane or urea linkages. Polyesters have dipole-dipole bonding 
between the oxygen atoms in C=O groups and the hydrogen atoms in H-C groups. 
Dipole bonding is not stronger than hydrogen bonding, therefore, polyester’s melting 
point and strength are lower than Kevlar's, but polyesters have greater flexibility. 
(Meyers, et al, 1999). 
Ethane, however, has no permanent dipole. The attractive forces between 
polyethylene chains arise from weak van der Waals forces. Molecules can be thought 
of as being surrounded by a cloud of negative electrons. As two polymer chains 
approach, their electron clouds repel one another. This has the effect of reducing the 
electron density on one side of a polymer chain, creating a slight positive dipole on 
this side. This charge is enough to actually attract the second polymer chain. Van der 
Waals forces are quite weak, however, so polyethylene can have a lower melting 
temperature than other polymers (Ashby, Michael, et al, 1996). 
In dilute solution, the properties of the polymer are identified by the correlation 
between the solvent and the polymer. In a good solvent, the polymer should appear 
swollen and occupies a large volume. In this scenario, intermolecular forces between 
the solvent and monomer subunits are stronger than intermolecular correlation. In bad 
solvent or poor solvent, intermolecular forces dominate and the chain contracts 
(Meyers, et al, 1999). 
1.4 Polymer Characterization 
The characterization of a polymer requires several parameters which need to be 
specified. A variety of lab techniques are used to determine the properties of 
polymers. Techniques are used to determine the crystalline structure of polymers.  
Gel permeation chromatography is used to determine the number average molecular 
weight, weight average molecular weight, and polydispersity.  
FTIR, Raman and NMR can be used to determine composition. Thermal properties 
such as the glass transition temperature and melting point can be determined by 
differential scanning calorimetry and dynamic mechanical analysis.  
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Pyrolysis followed by analysis of the fragments is one more technique for 
determining the possible structure of the polymer (Brandrup, J. et al, 1999). 
1.4.1 Manipulating Polymer 
Polymers can be manipulated by changing their strength and flexibility. The four 
main ways are: 
• branching; 
• cross-linking; 
• inclusion of plasticizer; 
• chain length. 
Branching of polymer chains also affect the strength and durability of the chain. An 
amorphously created polymer has random arrangements of chain, with each of 
varying length. This means there is no construction, leaving gaps in the atomic 
structure. This means the product is clear and has a low density. A polymer chain 
with no branching is highly arranged. This is high density and is translucent to 
opaque. This is a crystalline. For example, a carrier bag, made of polythene, has a 
random arrangement of polymer chains. The ethene monomers have been 
polymerized under pressure and the polymer chains have not lined up neatly. This bag 
is less durable and can rip very easily. On the other hand, a plastic milk carton has its 
chains neatly lined up. This means it is stiff and has high heat tolerance and a 
depression in clarity. The branching index of the polymer is a parameter that 
characterizes the effect of long-chain branches on the size of a branched 
macromolecule in solution. 
Cross-linking is mainly used to strengthen rubbers and vary their strength to be used 
for different purposes. The cross linking makes the bond between two chains stronger. 
Vulcanization is the name of the process which is doing this, by adding sulfur to 
rubber. This helped to make the rubber more resistant to heat and wear. In an eraser, 
the polymers are not cross linked with this sulfur. 
Plasticizers are oily substances, which make the polymer chains slide upon each other. 
It is mainly related to polyvinylchloride or PVC. A u-PVC or unplastisized 
polyvinylchloride is used for such things as pipes. A pipe has no plasticizer in it 
because it needs to remain strong and heat resistant. The chains lie close together 
meaning it is stronger due to the higher intermolecular force. Normal PVC is used for 
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clothing. It has added plasticizer to it. This means that the chains are separated giving 
them a flexible quality. The chains can slide past each other, meaning that the 
material is more comfortable to wear. 
The chain length affects the strength and durability of a polymer. In a candle, the 
chain length is quite short, making the wax weak and brittle. In a plastic milk carton, 
the chain length is longer so the intermolecular force is higher. This makes it hard to 
rip or break the material. As the force is higher, the amount of heat required to 
separate these chains, will also be higher (Brandrup, J, et al, 1999). 
1.4.2 Polymer Degradation 
Polymer degradation is a change in the properties such as tensile strength, color, 
shape under the influence of one or more environmental factors such as heat, light or 
chemicals. It is often due to the hydrolysis of the bonds connecting the polymer chain, 
which in turn leads to a decrease in the molecular mass of the polymer (IUPAC, 
1996). 
However the degradation process can be useful from the view points of understanding 
the structure of a polymer or recycling/reusing the polymer waste to prevent or reduce 
environmental pollution (Brandrup, J, et al, 1999). 
1.5 Polymer Materials 
Polymers are classified broadly as thermoplastic that they can be formed after heat 
over and over again, thermoset, can be set after heat but only one time because is a 
irreversible process. Thermoplastics are crystalline polymers arranged in regular 
order amorphous polymers randomly like coil. Instead thermoset polymer has low 
molecular weight monomers that crosslink and polymerize to for polymer network. 
Elastomers can be either thermoplastic or thermoset. 
Thermoset elastomer are natural and synthetic rubbers; on the other hand, 
thermoplastic elastomers are plastics that mimic rubber (EPDM, TPO, TPE) (IUPAC, 
1996). 
The below list showed widely used polymer materials: 
• Thermoplastics polymer (ABS, Acetal, Acrylic, Acrylonitrile, Cellulose, 
Cyclo-Olefin Polymers, Elastomers, Ethylene and its compounds, Polyolefin, 
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Polystyrene, Fluoropolymers, Ionomers, Liquid Crystal Polymers, Nylon, Amorphous 
types, Phenoxy, Phenylene, Plasticisols, Organosols, Polyamide compounds, 
Polyarylate, Polyarylether, Polyarylsulfone, Polybutylene, Polycarbonate, Polyester, 
Polyestercarbonate, PEEK, PEK and other Polyketones, Polyetherimide, 
Polyethersulfone, Polyethylene, Polymethylpentene, PPS, Polyphenylsufone, 
Polyphthalamide, Polypropylene, Polystyrene, Styrene, EPS Bead, SAN, SMA, 
Polysulfone, Prepregs, Purging Compounds, PVC, PVDC and Urethane); 
• Thermosets polymer (Alkyd, Allyl Diglycol Carbonate Monomer, BMI, 
Prepregs, DAIP, DAP, DCPD, Epoxy, Furan, Melamine, Phenolic, Polybutandiene, 




Plastics are organic materials as wood, paper or wool. The raw materials for plastics 
production are natural products such as cellulose, coal, natural gas, salt and, of course, 
crude oil ( although only 4 % of the world's oil production is consumed by plastics 
industries) Plastics production generally starts with a distillation process (the 
separation of heavy crude oil into lighter groups called fractions) in an oil refinery. 
Each fraction is a mixture of hydrocarbons chains (chemical compounds made up of 
carbon and hydrogen), which is different in terms of the size and structure of their 
molecules. One of these fractions, naphtha, is the crucial element for the production 
of plastics. 
Crude Oil: 
• 70 % diesel oil and heating oil;  
• 20 % naphtha; 
• 7 % chemical raw products; 
• 4% plastics; 
• 3% other chemical products; 
• 10 % others. 
Cracking is a thermical splitting process which breaks the naphtha down into smaller 
hydrocarbon molecules, such as ethylene, propylene and butylenes. The two major 
processes used to produce plastics are called polymerization and polycondensation 
and they both require specific catalysts. In a polymerization reactor, monomers like 
ethylene and propylene are linked together to form long polymers chains. Each 
polymer has its own properties, structure and size depending on the various types of 
basic monomers used. Different plastics have different polymer chain structures 
which determine many of their physical characteristics. There are two main polymer 
families: thermoplastics (soften on heating and then harden again on cooling) and 




2.1 Thermosetting Plastics (thermosets) 
They are polymer materials that cure, through the addition of energy, to a stronger 
form. The energy may be in the form of heat (generally above 200 degrees Celsius), 
through a chemical reaction (two-part epoxy, for example), or irradiation. 
Thermoset materials are usually liquid, powder, or malleable prior to curing, and 
designed to be molded into their final form, or used as adhesives. The curing process 
transforms the resin into a plastic or rubber by a cross-linking process. Energy and/or 
catalysts are added that cause the molecular chains to react at chemically active sites 
(unsaturated or epoxy sites, for example), linking into a rigid, 3-D structure. The 
cross-linking process forms a molecule with a larger molecular weight, resulting in a 
material with a higher melting point. During the reaction, when the molecular weight 
has increased to a point so that the melting point is higher than the surrounding 
ambient temperature, the material forms into a solid material. Subsequent 
uncontrolled reheating of the material results in reaching the decomposition 
temperature before the melting point is obtained. A thermoset material cannot be 
melted and re-shaped after it is cured. 
Thermoset materials are generally stronger than thermoplastic materials because of 
this 3-D network of bonds, and are also better convenient to high-temperature 
applications up to the decomposition temperature of the material. They are not 
suitable for recycling like thermoplastics, which can be melted and re-molded. 
Methods used to mould thermosets; 
• reactive injection moulding (used for objects like milk bottle crates); 
• extrusion moulding (used for making pipes, threads of fabric and insulation 
for electrical cables); 
• calendaring (used for making large sheets of plastic); 
• compression moulding (used to shape most thermosetting plastics); 




A thermoplastic is a material that is plastic or deformable, melts to a liquid when 
heated and freezes to a brittle, glassy state when cooled sufficiently. Most 
thermoplastics are high molecular weight polymers whose chains associate through 
weak van der Waals forces (polyethylene); stronger dipole-dipole interactions and 
hydrogen bonding (nylon); or even stacking of aromatic rings (polystyrene). 
 
Figure 2.1: Temperature Dependence 
Thermoplastics are elastic and flexible above a glass transition temperature Tg, 
specific for each one-the midpoint of a temperature range in contrast to the sharp 
freezing point of a pure crystalline substance like water. Below a second, higher 
melting temperature, Tm, also the midpoint of a range, most thermoplastics have 
crystalline regions alternating with amorphous regions in which the chains 
approximate random coils. The amorphous regions contribute elasticity and the 
crystalline regions contribute strength and rigidity, as is also the case for non-
thermoplastic fibrous proteins such as silk (elasticity does not mean they are 
particularly stretchy; e.g., nylon rope and fishing line). Above Tm all crystalline 
structure disappears and the chains become randomly interdispersed. As the 
temperature increases above Tm, viscosity gradually decreases without any distinct 
phase change. 
Thermoplastics can go through melting/freezing cycles repeatedly and the fact that 
they can be reshaped again and again.  
Some thermoplastics normally do not crystallize: they are termed "amorphous" 
plastics such as PMMA, PS and PC and are useful at temperatures below the Tg. They 
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are used in applications where clarity is important. Generally, amorphous 
thermoplastics are less chemically resistant and can be subject to stress cracking. If 
thermoplastics called "semi-crystalline" such as  PE, PP, PBT and PET will 
crystallize to a certain extent for this reason, semi-crystalline thermoplastics are more 
resistant to solvents and other chemicals. If the crystallites are larger than the 
wavelength of light, the thermoplastic is hazy or opaque. 
Semi-crystalline thermoplastics become less brittle above Tg. If a plastic with 
otherwise desirable properties has too high a Tg, it can often be lowered by adding a 
low-molecular-weight plasticizer to the melt before forming (plastics extrusion, 
molding) and cooling. A similar result can sometimes be achieved by adding non-
reactive side chains to the monomers before polymerization. Both methods make the 
polymer chains stand off a bit from one another. Before the introduction of 
plasticizers, plastic automobile parts often cracked in cold winter weather. Another 
method of lowering Tg (or raising Tm) is to include the original plastic into a 
copolymer, as with graft copolymers of polystyrene, or into a composite material   
In 1988, the Society of the Plastics Industry released a special numbered coding 
system that identified the type of resin that was used in manufacturing a product. It is 
generally written like a number within a triangle underneath the soda bottle or water 
bottle you are drinking out of right now. Lower is the number on the product, easier it 
is to recycle. 
Table 2.1: SPI Codes 








HDPE Milk jugs 




LDPE Grocery bags 
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5 Polypropylene PP Carpet, diapers
6 Polystyrene PS Styrofoam 
7 Others   
 
2.2.1 Polyethylene Terephthalate (PET) 
PET is a short name for a unique plastic which belongs to the family of polyesters, 
the word is made up from 'poly-' , the Greek word for many and '-esters' which are 
compounds formed by reaction of alcohols with acids via a chemical bonding known 
as an ester linkage . PET polyester is formed from the alcohol - ethylene glycol [EG] 
- and the acid - terephthalic acid [TPA], or its derivative dimethyleterephthalate 
[DMT] - and its chemical name is - Polyethylene terephthalate or PET. 
2.2.1.1 Manufacture of PET 
The raw materials for PET are derived from crude oil, as are many other plastics - 
after refining and separating the 'crude' into a variety of petroleum products the two 
PET intermediates or monomers are eventually obtained, purified, and mixed together 
in a large sealed, 'cooking pot' type of vessel and heated up to 280 to 300 ¼C under a 
slowly reducing the pressure. Each intermediate has two identical points for reaction 
and is therefore capable of forming chains by linking several single molecules 
together and forming a polymer where the monomers are bonded byester-linkages. 
The mixture becomes more and more viscous as the reaction proceeds and it is 
eventually halted once the appropriate viscosity is reached. At this stage the PET is 
extruded from the reactor in the form of thin 'spaghetti like' strands, cooled quickly 
under water and chopped into small transparent granules or pellets before drying and 
transfer to other treatment stages. PET for manufacture of cola bottles is further 
refined by heating the solid granules below their melting point which distills out some 
impurities and at the same time enhances the physical properties of the material . 
2.2.1.2 The Origin of PET 
PET was originally synthesized to make new textile fibres, but the technology for 
making the very the long chains was developed by ICI (Imperial Chemical Industries) 
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in 1941. Polyester fibre applications have developed to such an extent that by the late 
1990's PET represented over 50% of world synthetic fibre manufacture. In the late 
1950's, PET was developed as a film by stretching a thin extruded sheet in two 
directions; in this form PET film finds extensive use as video, photographic and X-
ray film in addition to uses in packaging. In the early 1970's, stretching in three 
dimensions by blow moulding - similar to inflating a balloon in a shaped mould - 
produced the first bottle type containers initiating the exploitation of PET as a 
lightweight, tough, unbreakable substitute for the glass bottle. 
 
Figure 2.2: SPI Code for PET 
2.2.1.3  General Properties 




• solvent resistant; 
• good gas and moisture barrier properties; 
• high heat resistance; 
• microwave transparency. 
2.2.1.4 Common Use 
The basic chemical structure of PET is essentially inert and resists attack by many 
potent chemicals. The molecular chains are packed together extremely tightly 
forming a very tough, dense, but a sparkling transparent material which resists gas 
penetration (carbon dioxide and oxygen) better that most other common polymers. It 
is also very resistant to biochemical attack and environmentally being a unique 
combination of properties which make it an excellent material for packaging of foods. 
PET is easy to process by simple heating and stretching treatments forming trays, 
sheets, foils, tubs, and glass clear bottles that do not break. 
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The good gas and moisture properties of PET and its tough and clear, make it ideal 
for fizzy drink and beer bottles. It is widely used in pre-prepared food trays and boil-
in-bag food pouches because of high heat resistance. 
Other common uses include soft drink and water bottles, fibre for clothing and carpets, 
strapping, and mouthwash bottles. 
2.2.1.5  Typical Applications of PET Bottles 
Typical applications of PET bottles are beverages, Cola and soft drinks, fruit juices, 
mineral waters especially suitable for carbonated drinks, cooking and salad oils, 
sauces and dressings, detergents, wide mouth jars and tubs, jams, preserves, fruits & 
dried foods, trays, pre-cooked meals for re-heating in either microwave or 
conventional ovens, pasta dishes, meats and vegetables, foils, boil in bag pre-cooked 
meals, snack foods, nuts, sweets, long life confectionery. PET products with extra 
oxygen barrier are beer, vacuum packed dairy products e.g., cheese, processed meats, 
'Bag in Box' wines, condiments, coffee, cakes, syrups. 




PET Bottles (mixed colors) PET Bottles (mixed colors) PET Bottles (single color) 
 
  
PET Strapping (single colors) PET Strapping (single colors) 





PET Production Scrap (single 
color) 
PET Sheet (single color) PET Sheet (rolls) 
 
  
Figure 2.3: Pictures of PET 
2.2.1.7 Chemical Properties of PET 
Polyethylene, the most basic polymer structure, consists of links of carbon, with 
atoms of hydrogen bonded to it to make the molecule: 
  
Figure 2.4: PET Structure 
Polyethylene is probably the polymer you can see most in daily life. Polyethylene is 
the most popular plastic in the world. A molecule of polyethylene is nothing more 
than a long chain of carbon atoms, with two hydrogen atoms attached to each carbon 
atom. That's what the picture at the top of the page shows, but it might be easier to 
draw it like the picture below, only with the chain of carbon atoms being many 
thousands of atoms long: 
 
Figure 2.5: PET Structure 
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Sometimes it's a little more complicated. Sometimes some of the carbons, instead of 
having hydrogen attached to them, will have long chains of polyethylene attached to 
them. This is called branched, or low-density polyethylene, or LDPE. When there is 
no branching, it is called linear polyethylene, or HDPE. Linear polyethylene is much 











































Figure 2.6: PET Market Statistics (2004 National Post-Consumer Plastic Recycling 




2.2.2 High Density Polyethylene (HDPE) 
HDPE is lighter than water, and can be moulded, machined, and joined together using 
welding (difficult to glue). 
 
Figure 2.7: SPI Code for HDPE 
2.2.2.1 General Properties 
The below list shown general properties of HDPE: 
• excellent moisture barrier properties; 
• excellent chemical resistance; 
• hard to semi-flexible; 
• strong; 
• soft waxy surface; 
• permeable to gas; 
• HDPE film crinkles to the touch; 
• pigmented HDPE bottles generally have better stress crack and chemical 
resistance than bottles made from unpigmented HDPE. 
The appearance is wax-like, lusterless and opaque. The use of UV-stabilizations 
(carbon black) improves its weather resistance but turns it black. Some types can be 
used in contact with food. 
•   Danish name: HDPE – h’j massefylde polyethylene; 
• category: thermoplastics; 
•      processes: plastic moulding, injection moulding, extrusion, film blowing, 
blow moulding; 
• similar materials: PP and many other plastics; 
• price low cost plastic; 
• environmental notes; 
• creation: production of 1 kg of HDPE requires the equivalent of about 13/4 kg 
of oil (raw material and energy) (Measurement Standards and Reporting 
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Guidelines , National Recycling Coalition, Alexandria, Va. Web site: 
www.nrcrecycle.org). 
2.2.2.2 HDPE Resistance 
Excellent resistance (no attack) to dilute and concentrate acids, alcohols and bases.  
Good resistance (minor attack) to Aldehydes, Esters, Aliphatic and Aromatic 
Hydrocarbons, Ketones and Mineral and Vegetable Oils.  
Limited resistance (moderate attack and suitable for short term use only) to 
halogenated hydrocarbons and oxidizing agents (American Plastics Council, Web site: 
www.plasticsresource.org). 
2.2.2.3 HDPE Quick Facts 
• maximum temperature: 120°C (248°F ); 
• minimum temperature: -100°C (-148°F); 
• autoclavable: no; 
• melting point: 130°C (266°F); 
• tensile strength: 4550 psi; 
• hardness: SD65; 
• UV resistance: poor; 
• translucent; 
• rigid; 
• specific gravity: 0.95 g/cm3. 
2.2.2.4 Plastic Properties of High Density Polyethylene (HDPE) 
A linear polymer, High Density Polyethylene (HDPE) is prepared from ethylene by a 
catalytic process. The absence of branching results in a more closely packed structure 
with a higher density and somewhat higher chemical resistance than LDPE. HDPE 
is also somewhat harder and more opaque and it can withstand rather higher 
temperatures (120° Celsius for short periods, 110° Celsius continuously). High 
density polyethylene lends itself particularly well to blow molding, e.g. for bottles, 
cutting boards, dipping baskets, dippers, trays and containers. Dynalab Corp's plastic 
fabrication shop fabricates thousands of catalog and custom acrylic products. 
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2.2.2.5 Common Use 
The excellent chemical resistance of HDPE makes it ideal for packaging household 
and industrial chemicals, such as detergents, bleach and acids. Its moderate stretch 
and high strength characteristics make it especially suitable for grocery bags, as found 
in most supermarkets. Other common uses include film, especially snack food 
packages and cereal box liners, milk and non-carbonated drinks bottles, margarine 
tubs, toys, buckets, rigid pipes, crates, plastic lumber, garden furniture, flower pots, 
and signs. As HDPE is permeable to gas it is not suitable for applications requiring an 
oxygen or CO2 barrier. 
Used PE plastic can be recycled through remelting although there is a quality loss. 
Incineration is straightforward and comparable to oil, since PE only consists of 
hydrogen and carbon atoms. In an incineration plant only water and carbon dioxide 
are produced. However common additives like UV-stabilizators (e.g. carbon black), 
dyeing agents and fire protectors can produce other waste products. Heating value is 
equivalent to 3/4 kg of oil (Municipal Solid Waste in the United States, 2003. Web 
site: www.epa.gov). 
2.2.2.6 Applications 
HDPE is resistant to many different solvents and has a wide variety of applications, 
including: 
• milestone; 
• bottle for motor oil; 
• bottle for organic solvents; 
• street bollard; 
• hedge cutter; 
• gasoline tank; 
• milk bottles; 
• plastic bag (stiff type that crackles); 
• children's toys; 
• lid for honey pot; 
• beer crate; 
• dolphin bicycle trailer;  
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• tupperware; 
• containment of certain chemicals; 
• chemical-resistant piping systems; 
• geothermal heat transfer piping systems; 
• natural gas distribution pipe systems; 
• water pipes for domestic water supply;  
• coax cable inner insulators (dielectric insulating spacer); 
• root barrier;  
• corrosion protection for steel pipelines. 
HDPE can easily find in many forms such as sheet, rod and tubing for fabrication; 
excellent for any food related products, FDA, NSF, and USDA approved for direct 
contact. This material machines extremely well. Because of its chemical resistance 
and high rigidity make it a good choice for trays and tanks. Other uses include pipe 
fittings, wear plates, hinges and cutting boards. Good impact resistance, light weight, 
very low moisture absorption, and high tensile strength. It is not a good candidate for 
gluing. Mechanical fastening is one option, but preferably joined by hot air or 
nitrogen welding. Also, ultrasonic, laser and infrared welding. 
HDPE is also used for cell liners in subtitle D sanitary landfills, preventing the 
pollution of soil and groundwater by the liquid constituents of waste. One of the 
largest uses for HDPE is wood plastic composites, with recycled polymers leading the 
way. 
Injection-molded HDPE containers are used for products such as margarine and 
yogurt. Bottles have 90 percent of the HDPE “rigid package” market, while 
containers have the remainder. 
HDPE resin also can be used to make bottle, No. 2 in the plastic resin code and 
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Figure 2.8: Pictures of HDPE 
2.2.2.8 HDPE Bottles Municipal Solid Waste (MSW) Facts 
There is some information about HDPE usage in the world; 
• 1.98 million tons or 0.86% by weight; 
• 0.74 million tons of milk and water bottles; 
• 1.24 million tons of containers for other products; 
• 13.9 pounds per person. 
(Measurement Standards and Reporting Guidelines, Web site: www.nrcrecycle.org). 
Recycled 
• 380,000 tons or a 19.2% recycling rate; 
• 210,000 tons of milk and water bottles, or a 28.4% recycling rate; 
• 170,000 tons of other bottles or a 13.7% recycling rate; 
• 400,100 tons or a 24.2% recycling rate in 2002. 
(Municipal Solid Waste, 2001 Web site: www.epa.gov). 




Incinerated or Landfilled 
• one million tons or 1% of discarded MSW by weight; 
• highly combustible with 18,690 Btus per pound, more than three times that of 
MSW; 
• not biodegradable in landfills. 
Landfill Volume: 
• 6.3 million cubic yards in 1997; 
• 1.5% of landfilled MSW in 1997.  
(EPA Office of Solid Waste, 2003. Web site: www.epa.gov). 
Density: 
• landfilled milk jugs weigh 355 pounds per cubic yard (lbs/cy);  
• loose milk jugs weigh 24 lbs/cy; 
• flattened milk jugs weigh 65 lbs/cy; 
• loose, colored HDPE bottles weigh 45 lbs/cy; 
• bales of HDPE generally weigh 500 to 800 pounds.  
(Scrap Specifications Circular 2003, Web site: www.isri.org). 
2.2.3 Low Density Polyethylene (LDPE) 
The first of the polyolefin, fifty years ago, Low Density Polyethylene (LDPE) was 
originally prepared some by the high pressure polymerization of ethylene. Its 
comparatively low density arises from the presence of a small amount of branching in 
the chain (on about 2% of the carbon atoms). This gives a more open structure. Low 
Density Polyethylene (LDPE) has a widely usage especially in dispensing bottles or 
wash bottles. It is translucent to opaque, robust enough to be virtually unbreakable 
and also quite flexible. Chemically LDPE is uncreative at room temperature although 
it is slowly attacked by strong oxidizing agents and some solvents will cause 
softening or swelling. It may be used at temperatures up to 95°C for short periods and 
at 80°C continuously. LDPE is ideally suited for a wide range of molded laboratory 
apparatus including wash bottles, pipette washing equipment, general purpose tubing, 
bags and small tanks. 
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Figure 2.9: SPI Code for LDPE 
2.2.3.1  General Properties 
• tough; 
• flexible; 
• waxy surface; 
• soft-scratches easily;  
• good transparency; 
• low melting point;  
• stable electrical properties;  
• good moisture barrier properties. 
2.2.3.2 LDPE Quick Facts 
• maximum temperature: 80°C (176°F); 
• minimum temperature: -50°C (-58°F); 
• autoclavable: no; 
• melting point: 120°C (248°F); 
• tensile strength: 1700 psi; 
• hardness: SD55; 
• UV resistance: poor; 
• translucent; 
• excellent flexibility; 
• specific gravity: 0.92 g/cm3. 
2.2.3.3 LDPE Resistance 
Excellent resistance (no attack) to dilute and concentrated acids, alcohols, bases and 
esters. Good resistance (minor attack) to aldehydes, ketones and vegetable oils.  
Limited resistance (moderate attack suitable for short term use only) to aliphatic and 
aromatic hydrocarbons, mineral oils and oxidizing agents.  
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Poor resistance and not recommended for use with halogenated hydrocarbons. 
2.2.3.4 Common Use 
Because of its flexibility and other properties LDPE is used predominantly to 
manufacture films such as garment and produce bags, agricultural films, refuse sacks, 
and packaging films, foams and bubble wrap. Other uses include flexible lids, flexible 
bottles, wire and cable applications, some bottle tops, and irrigation pipes.  
2.2.3.5 Photographs 
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(production scrap)                       (production scrap) 
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LDPE film (mixed colors)        LDPE film (mixed colors) 
 
  
LDPE film (mixed colors)       LDPE film (mixed colors) 
 
   
LDPE bubble wrap)                   LDPE production scrap (lump) 
Figure 2.10: Pictures of LDPE 
2.2.3.6 Properties 
LDPE is defined by a density range of Q to 3. It is unreactive at room temperatures, 
except by strong oxidizing agents, and some solvents cause its swelling. Made in 
translucent or opaque variations, it is quite flexible, and tough to the degree of being 
almost unbreakable. 
It has more branching (on about 2% of the carbon atoms) than HDPE, so its 
intermolecular forces (instantaneous-dipole induced-dipole attraction) are weaker, its 
tensile strength is lower, and its resilience is higher. Also, since its molecules are less 
tightly packed and less crystalline because of the side branches, its density is lower. 
2.2.3.7 Applications 
LDPE is widely used for manufacturing various containers, dispensing bottles, wash 
bottles, tubing, and various molded laboratory equipment. Its most common use is in 
plastic bags. 
Other products made from it include: 
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• trays & general purpose containers; 
• food storage and laboratory containers;  
• corrosion-resistant work surfaces;  
• parts that need to be weldable and machinable; 
• parts that require flexibility, for which it serves very well;  
• very soft and pliable parts;  
• six-pack soda can rings; 
• extrusion coating on paperboard and aluminum laminated for beverage 
cartons. 
2.2.4 Polystyrene (PS) 
Polystyrene is a styrenic polymer. The terms “styrenics” or “styrenic polymers” are 
used to describe a family of major plastic products that use Styrene as their key 
building block. These families of products are: 
• PS  (polystyrene); 
• EPS (expanded polystyrene); 
• ABS (acrylonitrile butadiene styrene); 
• SAN (styrene acrylonitrile); 
• UP (unsaturated polyester resins); 
• SBR (styrene butadiene rubber). 
Manufacturers use styrene-based resins to produce a wide variety of everyday goods 
ranging from cups and utensils to furniture, bathroom, and kitchen appliances, 
hospital and school supplies, boats, sports and recreational equipment, consumer 
electronics, automobile parts, and durable lightweight packaging of all kinds. 
Polystyrene is a thermoplastic polymer which has been produced for more than 60 
years. When heated, polystyrene softens and can be readily converted into semi-
finished products, like films and sheets, as well as into a wide range of finished 
articles. There are two main types of polystyrene:  
• general purpose polystyrene, which is transparent and rigid;  
• high impact polystyrene which, because of its rubber content, is translucent 
and breakage resistant.  
Polystyrene offers a number of outstanding properties: 
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• lightweight;  
• water resistant and an excellent thermal insulator; 
• in food packaging, it provides a high level of protection against spoilage, 
keeping food fresh for longer without the need for preservatives; 
• its rigidity and strength-to-weight ratio offers energy-savings benefits in 
transportation and an excellent cost performance; 
• it can be shatterproof and transparent if required, offering a combination of 
safety and display benefits; it offers good electrical insulation;  
• It can easily be processed and produced in a range of attractive colors; it can 
easily be disposed or recycled. 
Polystyrene is used as packaging, in hundreds of appliances, in homes and offices, 
and in consumer electronics. It comes in many shapes and forms, from yoghurt and 
coffee cups to meat trays, from soup bowls and salad boxes to disposable tableware, 
from refrigerators and fridges to televisions and CD jewel boxes.  
 
Figure 2.11: SPI Code for PS 
2.2.4.1  General Properties 
• clear to opaque;  




• high clarity; 
• affected by fats and solvents. 
2.2.4.2 Common Use 
General purpose polystyrene (GPPS) is a glasslike polymer with a high processability. 
When modified with rubber it results in a high impact polystyrene (HIPS) with a 
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unique combination of characteristics, like toughness, gloss, durability and an 
excellent processability. Polystyrene is one of the most versatile plastics. Both forms 
are used in a wide range of applications like consumer electronics, refrigeration, 
appliances, housewares, toys, packaging, disposables and medical and pharmaceutical. 
PS is a versatile plastic that can be rigid or foamed. Common uses of rigid PS include 
yoghurt containers, fast food trays, disposable cutlery, video cases, vending cups, 
laboratory ware, seed trays, coat hangers, and low-cost brittle toys. 
2.2.4.3 Photographs 
 
PS coat hangers (bagged) PS (HIPS) seed trays PS Production scrap (sprus,
bagged & in cages) 
 
Figure 2.12: Pictures of PS 
2.2.4.4 Global Market for Polystyrene 
Polystyrene is the fourth biggest polymer produced in the world after polyethylene, 
polyvinyl chloride and polypropylene. The global market for polystyrene is 10.6 
million tons and is expected to grow at 4 percent per year to approximately 15 million 
tons in 2010. Europe contributes 26 percent to the global demand for polystyrene and 
was approximately 2.7 million tons in 2001. Although the average annual growth is 
expected to be 3-4 percent per annum up to 2010, the actual annual growth in Europe 
is 4-5 percent, slightly ahead of the GDP. The pie chart demonstrates the main 
polystyrene market applications for Europe. As you see the major part is in packaging 
applications, like dairy products. For the consumer convenience and easy opening are 
important elements, for society as a whole, the biggest advantage are the prevention 
of spoilage of the product. Only two percent of the food is spoiled in developed 
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Figure 2.13: Polystyrene Market Applications 
2.2.4.5 Polystyrene Processes 
The building block monomer of polystyrene is styrene. The raw materials to make 
styrene are obtained from crude oil. A range of processes such as distillation, steam-
cracking and dehydration are required to transform the crude oil into styrene. At the 
end polystyrene is produced by polymerizing styrene. The final product is available in 
the form of pellets. In order to get the final articles polystyrene pellets are extruded, 
thermoformed or injection moulded. Extrusion is a process in which the palletized 
polymer is melted and then forced continuously through a die to form an endless 
profile of polymer. Most of the time polystyrene is extruded into sheet. In a second 
step this sheet can be thermoformed into the final article. Applications of 
thermoformed articles include disposables such as cups and plates, meat and poultry 
trays, multiple and single-serving food containers in dairy, vending machine cups, 
trays for hospital and restaurant use. Injection moulding is a process by which 
polymer is melted and injected in a mould cavity, which after cooling down solidifies 
into the shape of the mould. Typical injection moulding applications are housing of 






2.2.5 Expanded Polystyrene (EPS) 
2.2.5.1 General Properties 
• foamed;  
• lightweight;  
• stiffness;  
• excellent thermal insulation;  
• impact absorbing;  
• affected by fats and solvents.  
2.2.5.2 Common-uses 
Common uses of foamed PS (EPS) include egg boxes, food trays, hot drink cups, 
protective packaging for fragile items, and insulation. 
Expandable Polystyrene - EPS for short - is a thermoplastic product bringing lots of 
benefits to e.g. the construction and packaging industries: 
• excellent thermal insulation by dramatically reducing energy requirements, 
EPS conserves fossil fuels and cuts carbon dioxide emissions; 
• high level protection offering tailor-made protection to the products it packs, 
EPS reduces waste due to damage in transit and storage; 
• lightweight strength enabling more products to be transported on less fuel. 
EPS' strength can also be adjusted to suit the application-be it void-forming or 
heavy load-bearing; 
• built-in versatility easily cut or moulded, resistant to moisture and compatible 
with a wide range of materials, EPS offers maximum versatility; 
• cost-effective solution EPS' tailor-made components are simple to assemble, 
saving time and cost on the packaging production line; 
• hygiene and safe with no nutritional value to support fungal, bacterial or 
animal growth, EPS is an ideal food packaging material; 
• ease of disposal of polystyrene which is managed safely and effectively 
through an integrated system including source reduction, re-use, recycling, waste-
to-energy recovery and land-filling; 
• when made flame retardant, EPS does not burn readily hence e.g. leaving 
more time for people to evacuate a burning building. It also has an important part 
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to play in civil engineering, offering unique solutions to today's construction 
challenges - from floating pontoons in yachting marinas to bridges and road 
embankments. No less important is EPS' role in packaging and protecting 
electronics and fragile items. A white, lightweight material, it is easily recognized 
as the packaging used for many delicate and perishable products - from cheese to 




EPS (compacted) EPS (compacted)  
Figure 2.14: Pictures of EPS 
2.2.5.4 Global Market for EPS 
EPS is among the biggest commodity polymers produced in the world. The total 
world demand in 2001 was 3.06 million tons and is expected to grow at 6 percent per 
year. EPS is solid foam with a unique combination of characteristics, like lightness, 
insulation properties, durability and an excellent processability. EPS is used in many 
applications like thermal insulation board in buildings, packaging, cushioning of 
valuable goods and food packaging. Western Europe contributes 27 percent of the 
global demand for EPS and was approximately 840 ktons in 2001. The corresponding 
value of this volume is approximately 3 billion Euros. The average annual growth is 
expected to be 2.5 percent per annum up to 2010.  
The pie chart demonstrates the main EPS market applications for Europe. The major 
applications are building insulation and packaging. 
EPS is widely used in bulding&construction because it provides safe installation and 
affordable access to energy reduction in heating and cooling buildings. Packaging is 
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also considered an essential final application of EPS, where it supplies lightness and 
protects health by reducing spoilage of the product.  
2.2.6 High Impact Polystyrene (HIPS) 
• Amorphous structure; 
• specific density: 1.04 g/cm3; 
• water absorption rate: 0.1%; 
• elongation: 55%; 
• tensile strength: 4000 psi; 
• compression strength: 7500 psi; 
• flexural strength: 8700 psi; 
• flexural modulus: 280000 psi; 
• impact: 2 IZOD ft. lbs/in; 
• hardness: R65; 
• fabrication; 
• excellent bonding; 
• good ultrasonic welding; 
• good machining. 
2.2.7 Acrylonitrile Butadiene Styrene (ABS) 
Acrylonitrile Butadiene Styrene (ABS) is the polymerization of acrylonitrile, 
butadiene and styrene monomers. Chemically, this thermoplastic family of plastics is 
called "terpolymers", in that they involve the combination of three different 
monomers to form a single material that draws from the properties of all three. ABS 
possesses outstanding impact strength and high mechanical strength, which makes it 
so suitable for tough consumer products. Additionally, ABS has good dimensional 
stability and electrical insulating properties.  
2.2.7.1 ABS Resistance 
• excellent resistance (no attack) to glycerine, inorganic salts, alkalis, many 
acids, most alcohols and hydrocarbons; 
• limited resistance (moderate attack and suitable for short term use only) to 
weak acids; 
 42 
• poor resistance (not recommended for use with) strong acids and solvents, 
ketones, aldehydes, esters and some chlorinated hydrocarbons. 
2.2.7.2 ABS Quick Facts 
• maximum temperature: 80°C (176°F); 
• minimum temperature: -20°C (-4°F); 
• autoclavable: no; 
• melting point: 105°C (221°F); 
• tensile strength: 4300 psi; 
• hardness: R110;  
• Poor  UV resistance; 
• translucent; 
• rigid; 
• specific gravity: 1.04 g/cm3; 
ABS offers an outstanding property profile such as; 
• high toughness even at low temperatures; 
• good rigidity and mechanical strength; 
• good heat resistance; 
• high chemical resistance; 
• easy processing by injection moulding or extrusion technique; 
• high dimensional stability due to the amorphous structure; 
• outstanding surface properties, e.g. high gloss or excellent replication of 
mould textures easy coloring. 
ABS is widely used in application fields like automotive, household goods, toys, 
luggage and housings for telecommunication equipment, audio/video and computer. 
Special applications are medical devices, electroplated parts and moulded smart cards. 
ABS is an opaque, thermoplastic polymer material made from the monomers 
Acrylonitrile, 1, 3-Butadiene and Styrene. The amorphous copolymer has a two-
phase structure consisting of a rigid, heat resistant continuous phase (SAN matrix) 
and a dispersed elastomeric, soft phase (Polybutadiene rubber). The properties of 
toughness, flow, modulus, heat resistance and gloss are mainly controlled by rubber 
content, particle size of the dispersed phase and molecular weight of the SAN matrix. 
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2.2.7.3 ABS Fabrication 
It can be thermo-formed, pressure formed, blow molded, sheared, sawed, drilled, or 
even "cold stamped". Joints can be ultrasonic welded, thermo-welded, and chemically 
bonded. ABS is impact resistant, commonly used for telephone bodies, safety helmets, 
piping, furniture, car components, TV casings, radios, control panels, and similar, 
valve bodies, material handling equipment. 
2.2.7.4 Market for ABS 
 
Figure 2.15: ABS Market Statistics  
ABS is a very versatile material and therefore very popular among designers. It is 
scratchproof, highly resistant, dimensionally stable, glossy and easy to color. 
Therefore, ABS is used in a broad variety of applications in everyday life like 
housings for vacuum cleaners, kitchen appliances, telephones and toys. Other 
important fields of applications for ABS are the automotive industry and the 
electrical/electronics (E/E) segment, here primarily in white goods and 
computer/communication electronics. 
Within the group of styrene co-polymers, ABS is by far the biggest product line in 
terms of volume. Last year’s global consumption was about 5.4 million tons. It is 
expected that ABS will continue to show above average growth rates. Until 2010 the 
average annual growth rate is estimated at 5.5%. For Europe, it is expected that ABS 
consumption will rise from its present 750000 tons to 800000 tons within the next 




2.2.8 Styrene Acrylonitrile Copolymer 
SAN is a transparent thermoplastic polymer material with amorphous structure made 
from the monomers Styrene and Acrylonitrile. The Acrylonitrile content in 
commercial products varies between approximately 15% and 35% depending on the 
requirements of the application. Increasing incorporation of SAN changes toughness, 
heat and chemical resistance, mechanical strength, scratch resistance and barrier 
properties at the expense of clarity and transparency. SAN is used in transparent 
applications like household goods, packaging articles, lighting, covers for audio/video 
housings, medical devices, lighters, batteries and tooth brushes. 
2.2.8.1 Global Market of SAN 
Even though SAN is much smaller in terms of volume compared to polystyrene or 
ABS it is widely used in a great variety of different applications. The outstanding 
transparency combined with good chemical resistance, stability in dishwashers, high 
impact strength, thermal shock resistance and stiffness make SAN the preferred 
material for manufacturers of consumer goods. High quality household appliances 
and top-quality packaging for cosmetics are examples for SAN products. The 
European SAN consumption is roughly 125.000 tons per annum. The main industry 




Figure 2.16: SAN Market Statistics  
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2.2.9 Unsaturated Polyester (UP) 
Unsaturated polyester resins are durable, resinous polymers derived from styrene. 
They are used over a broad spread of industries, mainly the construction, boat 
building, automotive and electrical industries. In most applications they are reinforced 
with small glass fibres-hence these plastics are commonly referred to as GRP or Glass 
Reinforced Plastics. 
2.2.10 Polycarbonate (PC) 
In 1953, polycarbonate was discovered by Dr. H. Schnell at Bayer AG, Germany, and 
by D. W. Fox at General Electric Company, USA working independently. In the late 
1950´s polycarbonate began to be used in commercial applications. In 1982, the first 
audio-CD was introduced to the market, quickly replacing audio records. Within 10 
years optical media technology included CD-ROMs, and within 15 years DVDs. All 
these optical data storage systems depend on polycarbonate. Since the mid 1980´s, 18 
liter water bottles made of polycarbonate have increasingly replaced heavy and 
fragile glass bottles. These light-weight and shatter resistant bottles can now be found 
in many public buildings and offices. Already used in the USA since the end of the 
1980´s, automotive headlamps made of polycarbonate became authorized in Europe 
in 1992. Today, only 10 years later, almost every new European car is equipped with 
polycarbonate headlamps. 
Polycarbonate plastic is a lightweight, high-performance plastic found in commonly 
used items such as automobiles, cell phones, computers and other business equipment, 
sporting goods, consumer electronics, household appliances, CDs, DVDs, food 
storage containers and bottles. The tough, durable, shatter- and heat-resistant material 
is ideal for a myriad of applications and is found in thousands of everyday-products.  
Polycarbonate's versatility makes it excellent for creating functional, as well as 
aesthetically pleasing products. It can be easily moulded and dyed in hundreds of 
colors. 
The term polycarbonate describes a polymer which is composed of many ("poly") 
identical units of bisphenol A connected by carbonate-linkages in its backbone chain. 
Chemically, a carbonate group is a di-ester of carbonic acid. The result is a polymeric 




Figure 2.17: The Chain of Polycarbonate 
2.2.10.1 PC Properties 
Polycarbonate (PC) is a linear polycarbonic acid ester prepared from a dihydric 
phenol. Polycarbonate possesses extraordinarily good dimensional stability with a 
high impact strength which is maintained over a wide temperature range. This makes 
PC ideal for the manufacture of laboratory safety shields, vacuum desiccators and 
centrifuge tubes. Safety shield fabricated from 1/4" thick polycarbonate will 
withstand temperatures up to 130°C and shields against UV. 
2.2.10.2 PC Resistance 
Excellent resistance (no attack) to dilute acids and mineral oils. Good resistance 
(minor attack) to alcohols and vegetable oils. Limited resistance (moderate attack and 
suitable for short term use only) to aldehydes. Poor resistance (not recommended for 
use) with concentrated acids, bases, esters, aliphatic hydrocarbons, aromatic 
hydrocarbons, halogenated hydrocarbons, ketones and oxidizing agents. 
2.2.10.3 PC Quick Facts 
• maximum temperature: 130°C (266°F); 
• minimum temperature: 135°C (275°F); 
• autoclavable: yes; 
• melting point: 149°C (300°F); 
• tensile strength: 10000 psi; 
• hardness: R75; 
• good UV resistance; 
• clear; 
• rigid; 
• specific gravity: 1.20 g/cm3. 
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2.2.10.4 The Beneficial Characteristics of PC 
Polycarbonate is a thermoplastic characterized by a wide range of outstanding 
properties; 
• high transparency; 
• high strength making it resistant to impact and fracture; 
• high heat resistance, making it ideal for applications that require sterilization; 
• good dimensional stability which permits it to retain its shape in a range of 
conditions; 
• good electrical insulation properties; 
• biologically inert; 
• readily recyclable; 
• excellent processability; 
• cost effective. 
This combination of properties has led to many beneficial, durable and unique 
applications in the electronic sector, in domestic appliances and office equipment, in 
optical data storage media, in the construction industry, in automotive engineering, in 
food and beverage containers, in medical devices and in leisure and safety equipment. 
There are two dominant processes involved in making products from polycarbonate: 














Figure 2.18: PC Applications 
Automotive 
Today’s sleek automobiles combine style, it is used due to high performance and 
durability on the road; vehicle strength to protect passenger’s safety; and light-weight, 
aerodynamic design to increase fuel efficiency. Polycarbonate makes much of this 
possible. Polycarbonate applications in automotive are: plastic moulded mirror 
housings, tail lights, turn signals, back-up lights, fog lights, and headlamps all 
contribute to a vehicle’s unique style. Polycarbonate is also extensively used in 
today’s stylish automobile interiors. Scratch and shatter resistant polycarbonate 
headlamp housings and lenses offer such superior features that they have virtually 
replaced glass. 
Polycarbonate automotive lighting offers:  
• weight savings (up to 1 kg per head light); 
• increased safety due to a higher fracture strength;  
• increased design freedom making aerodynamically advantageous shapes 
possible; 
• ability to integrate many functional elements in the mouldings . 
Bottles Packaging 
Polycarbonate contributes to day-to-day safety in the home by providing unbreakable 
and shatterproof food and beverage containers, baby bottles, water cooler bottles and 
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milk bottles. Offering high transparency, but lighter and stronger, polycarbonate is 
increasingly replacing the use of glass in such applications. Plastic food containers 
and bottles also play an important role in protecting us against food borne illnesses. 
In addition, the lower weight and the efficient utilization of space, which is possible 
with square bottles made of polycarbonate, allows more refillable containers of milk 
and other beverages to be transported with less use of energy. The square bottles also 
fit more easily into refrigerator shelves. 
Appliances&Consumer Goods 
Appliances such as electric kettles, fridges, food mixers, electrical shavers and even 
hairdryers have all become fashionable status symbols in the home. Polycarbonate 
plastic and its blends have made a large contribution to this change of perception due 
to its moulding flexibility, styling and coloring possibilities while fulfilling all safety 
requirements such as heat resistance and electrical insulation. 
Electrical&Electronics 
Polycarbonate is integral to the electronic age. Light weight, yet impact and shatter 
resistant, polycarbonate has contributed to making computers and cell phones weigh 
grams instead of kilos, while at the same time withstanding the bangs, scratches and 
accidental drops of everyday use. Its transparency makes electronic data easy to read, 
yet protected by a clear, hard shell. Polycarbonate's properties of impact resistance, 
electrical resistance, and heat resistance, dimensional stability under varying 
environmental conditions, low weight and transparency make it highly desirable for 
use in distributor boxes, fuse boxes, circuit breakers, cable sockets, displays, relays, 
LEDs, safety switches, high voltage plugs and fluorescent lighting diffusers. 
Glazing  
Polycarbonate sheets are super-light, virtually unbreakable and can provide heat 
insulation, making them ideal for roof glazing. In many greenhouses and 
conservatories multi-wall polycarbonate sheets contribute to energy savings. 
Polycarbonate can be used when you need a material you can see through, but is 
tough enough to withstand abuse. In factories many workers are protected by 
polycarbonate safety guards. Spectators at ice hockey games have a perfect view of 
the game from behind protective polycarbonate glazing panels and bank employees 
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are protected behind bullet-resistant polycarbonate windows. Protective barriers and 
shields made of polycarbonate also guard taxi drivers and riot policemen. 
Leisure&Safety 
Polycarbonate is frequently used for the tough, shatter-resistant, moulded outer shell 
of helmets as well as providing the transparent visors. This provides a smooth, 
aerodynamic surface and helps protect your head from nasty collisions and falls.  
In addition, polycarbonate has enabled lenses to be lightweight and shatter resistant 
while offering tremendous design freedom for a variety of sports and leisure goggles, 
fashionable sunglasses, skiing goggles, cycling goggles. Toughness, as well as 
polycarbonate’s weathering resistance and its dimensional stability, makes it well 
suited for many other outdoor applications such as compass and binocular casings, 
ship’s lights and ski boot buckles (The Weinberg Group, 2001). 
Medical&Healthcare 
Polycarbonate transparency protect environment to keep safe new born babies who 
are so vulnerable, from infection and cold. The incubator dome is formed of a tough. 
Smooth polycarbonate surfaces are easy to keep clean and can withstand disinfectants. 
Life saving modern medical treatments relies on aids such as kidney dialysers, blood 
oxygenators, tube connections and many other components. Providing patients the 
protection they deserve, polycarbonate medical devices are reliable in a wide range of 
environments and fracture resistant even after repeated sterilization. Due to its 
transparency, polycarbonate is excellent for oxygenators, dialysers and infusion units 
allowing easy detection of life threatening air bubbles. Corrective eyeglass lenses 
made of polycarbonate are becoming more and more popular due to their low weight, 
which makes them comfortable to wear. Virtually unbreakable, polycarbonate lenses 
protect as well as correct vision. 
2.2.10.6 European Market for Polycarbonate 
The European demand for polycarbonate reached 400,000 tones in 1999. This 
represents around one third of the global demand. The polycarbonate market is 
growing as new applications are developed and demand in existing sectors expands 
at a significant rate. The demand for polycarbonate to manufacture optical media like 
CDs or DVDs is, for example, growing at around 30% per year. Overall, the 
European market is expanding at around 10% per annum. The European 
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polycarbonate market is valued at around 1.6 billion. The pie chart demonstrates the 
main market applications for Europe; all of these applications are durable and long 
lasting. 
The polycarbonate industry itself employs approximately 7,000 people. Additionally, 
it is estimated that in 1999 around 160,000 jobs directly depended on polycarbonate 
and its end products and applications. In terms of market value, these polycarbonate 
products and applications correspond to a European output of approximately 12 
billion euros. Polycarbonate is essential in the field of Information and 
Communications Technology in Europe, which employs in excess of 5 million 
people (The Weinberg Group, 2001). 
2.2.10.7 Global Market for PC 
The global market for polycarbonate has grown from 600,000 tones in 1990 to 
1,800,000 tones (see chart) in 2000. Market growth is expected to continue with an 
average growth rate of approximately 10% as new developments and application 
contribute to the quality of life for consumers (Carl Hanser Verlag, 2001). 
 
 
Figure 2.19: Global PC Demand 
2.2.10.8 PC and Environment 
Emissions to the environment from the production of polycarbonate are extremely 
low. It is produced in closed processes (meaning the material is piped from one 
closed vessel to another) with careful emission treatment practices.  
Long life expectancy products, which are expected to last and be used for years, are 
typical for polycarbonate. Many applications even help to save resources, such as 
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light weight polycarbonate containers that reduce fuel consumption during transport, 
lightweight and aerodynamic automotive parts that reduce fuel consumption, and 
multi-wall sheets which are heat insulating and contribute to energy savings. At the 
end of a polycarbonate product’s life it can be recovered, recycled and disposed of 
safely. 
2.2.11 Polypropylene (PP) 
2.2.11.1 General Properties 
• excellent chemical resistance; 
• high melting point; 
• hard but flexible; 




Figure 2.20: SPI Code for PP 
2.2.11.2 Common Use 
PP is found in everything from flexible and rigid packaging to fibres for fabrics and 
carpets and large moulded parts for automotive and consumer products, such as 
automobile battery casings. Most bottle tops are made from PP. Other common uses 
include ketchup and pancake syrup bottles, yoghurt and margarine containers, potato 
crisp bags, drinking straws, hinged lunch boxes, refrigerated containers, medicine 










PP bottles (medical, used for 
pills) 
PP film (clear) PP film ( metalised - often used 
in 

















PP production scrap (bagged) PP cider crates (stacked & 
palleted) 




PP plant pots (stacked & boxed) PP plant pots (stacked & 
palletised) 




PP trays (stacked & palletised) PP locator boards PP production scrap (lump) 
Figure 2.21: Pictures of PP 
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2.2.11.4 Physical and Chemical Properties 
Table 2.2: Physical and Chemical Properties of PP 
Polypropylene 
 
Chemical name poly(1-methylethylene) 
Synonyms 
Polypropylene; Polypropene; 
Polipropene 25 [USAN];Propene polymers; 
Propylene polymers; 1-Propene homopolymer 
Chemical formula (C3H6)x 






Amorphous: 0.85 g/cm3 
Crystalline: 0.95 g/cm3 




Degradation point 286 °C (559 K) 
Polypropylene (PP) is a polymer prepared catalytically from propylene which differs 
from HDPE by having an isostatic replacement of hydrogen. A major advantage is 
polypropylene's higher temperature resistance; this makes PP particularly suitable for 
items such as trays, funnels, pails, bottles, carboys and instrument jars. Polypropylene 
is a translucent material with excellent mechanical properties and it has gradually 
replaced the polyethylene for many purposes. 
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2.2.11.5 PP Resistance 
Excellent resistance (no attack) to dilute and concentrated acids, alcohols, bases and 
mineral oils. Good resistance (minor attack) to aldehydes, esters, aliphatic 
hydrocarbons, ketones and vegetable oils. Limited resistance (moderate attack and 
suitable for short term use only) to aromatic, halogenated hydrocarbons and oxidizing 
agents. 
 Most commercial polypropylene has an intermediate level of crystallinity between 
that of low density polyethylene (LDPE) and high density polyethylene (HDPE); its 
Young's modulus is also intermediate. Although it is less tough than HDPE and less 
flexible than LDPE, it is much less brittle than HDPE. Polypropylene has very good 
resistance to fatigue, so that most plastic living hinges, such as those on flip-top 
bottles, are made from this material. Very thin sheets of polypropylene are used as a 
dielectric within certain high performance pulse and low loss RF capacitors. 
Polypropylene has a melting point of 320 degrees Fahrenheit (160 degrees Celsius). 
Many plastic items for medical or laboratory use can be made from polypropylene 
because it can withstand the heat in an autoclave. Food containers made from it will 
not melt in the dishwasher, and do not melt during industrial hot filling processes. 
Plastic pails, car batteries, wastebaskets, cooler containers, dishes and pitchers are 
often made of polypropylene or HDPE, both of which commonly have rather similar 
appearance, feel, and properties at ambient temperature. 
It also has copolymer and random copolymer. copolymer helps stiffness of the PP. 
Random Copolymer helps transparent look. 
Synthesis: 
 
Figure 2.22: PP Chain 
Short segments of polypropylene show examples of isotactic (above) and syndiotactic 
(below) tacticity. An important concept in understanding the link between the 
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structure of polypropylene and its properties is tacticity. The relative orientation of 
each methyl group (CH3 in the figure at left) relative to the methyl groups on 
neighboring monomers has a strong effect on the finished polymer's ability to form 
crystals, because each methyl group takes up space and constrains backbone bending. 
2.2.11.6 Function and Applications 
The non-polar structure of PP gives it a very high molecular mass. This makes it 
highly resistant to chemicals and to aqueous solutions of salts, acids and alkalis. PP 
homopolymers have a high level of stiffness and toughness at room temperature. This 
together with their capacity to repel water makes them a good choice for mechanical 
and structural applications. 
Applications of Polypropylene PP Products: 
• food or corrosive storage vessels; 
• cooling or scrubbing towers; 
• pump bodies and components; 
• wall cladding; 
• plating tanks and hoods; 
• bench tops.  
2.2.12 Polyvinylchoride (PVC) 
 
Figure 2.23: SPI Code for PVC 
2.2.12.1 General Properties 
• excellent transparency; 
• hard and rigid (flexible when plasticized); 
• good chemical resistance; 
• long term stability; 
• good weathering ability; 
• stable electrical properties. 
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2.2.12.2 Common Use 
PVC is successfully used for pipes and fittings because of its chemical resistance, 
imperviousness to attack by bacteria or micro-organisms, corrosion resistance and 
strength. It is frequently used in food contact applications, especially frozen foods due 
to its low oxygen permeability and strong cold temperature properties. Other common 
uses include carpet backing, windows, water, shampoo and vegetable oil bottles, 
credit cards, wire and cable sheathing, floor coverings, synthetic leather products, 
coatings, and blood bags and medical tubing. 
2.2.12.3 Photographs 
PVC film (rolls) PVC film (bales) PVC trays (post use) 
 
PVC production scrap PVC production scrap PVC production scrap 
PVC credit card off-cuts 
Figure 2.24: Pictures of PVC 
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PVC is a first-class product with many advantages in the items it is used to produce. 
There is also a large amount of scientific evidence about its environmental 
performance which almost always leads to the conclusion that PVC is a sustainable 
option. 
2.2.12.4 Plastic Properties of PVC 
Polyvinylchloride (PVC) has a linear structure similar to polyethylene but with a 
chlorine atom replacing a hydrogen atom on alternate carbon atoms. PVC itself is 
hard and rigid but the addition of phthalate esters as plasticizers makes it soft and 
pliable and ideal for gloves, photographic dishes and tubing. Polyvinylchloride is 
generally transparent with a bluish tint. It is attacked by many organic solvents but it 
has a very good resistance to oils and it has a low permeability to gases. In its rigid 
from PVC is available in sheets which can readily be welded to produce tanks, trays 
and troughs. It is not recommended for use above 70°C although it can be taken to 
80°C for short periods. 
2.2.12.5 PVC Resistance 
Excellent resistance (no attack) to dilute and concentrated acids, alcohols, bases, 
aliphatic hydrocarbons and mineral oils. Good resistance (minor attack) to vegetable 
oils and oxidizing agents. Poor resistance (not recommended for use) with aldehydes, 
esters, aromatic and halogenated hydrocarbons and ketones.  
2.2.12.6 PVC Quick Facts 
• maximum temperature: 70°C (158°F); 
• minimum temperature: -25°C (-13°F); 
• autoclavable: no; 
• melting point: 80°C (176°F); 
• tensile strength: 6500 psi; 
• hardness: R105; 
• good UV resistance; 
• clear; 
• rigid; 
• specific gravity: 1.34 g/cm3. 
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PVC is the unique material glueable and weldable. Supplied in gray, white, and clear, 
in sheet, rod, or tubing. PVC is very machineable and heat bends nicely. This is a 
popular material for tanks and fittings. PVC is commonly used for nuts, bolts, ducts, 
hoods, and process tanks. 
2.2.12.7 Applications 
PVC began to dominate the market when single use pre-sterilized components 
became the preferred option, replacing rubber and glass.  PVC is the most widely 
used thermoplastic material in medical devices because it is safe, chemically stable 
and inert. It is also extremely versatile and easily fabricated. Medical products made 
from PVC are usable inside the body, easy to sterilize and simple to assemble into 
products that do not crack or leak. 
Various medical applications are made from, or contain PVC, including; 
• containers for blood, urine continence and ostomy products; 
• containers for intravenous solution giving sets; 
• heart and lung bypass sets; 
• catheters and cannulae; 
• tubing for dialysis, endotracheal, feeding and pressure monitoring; 
• surgical and examination gloves; 
• inflatable splints; 
• inhalation masks. 
2.2.12.8 Benefits of PVC 
The use of PVC compounds in medical device manufacture during the last 50 years 
has demonstrated its great ability to satisfy the demanding requirements of the 
healthcare industry. Historically, PVC was introduced into flexible tubing and 
containers as a replacement for natural rubber and glass. It began to dominate the 
market when the need for single use pre-sterilized components became recognized. 
 61 
3. POLYMER IDENTIFICATION TEST 
These tests are designed to give you a first guess only and are not definitive. There 
are also some more complicated tests that can be carried out, but these require some 
standard laboratory equipment. There are many other less common types of plastics 
not included in this identification system and ultimately there is no substitute for a 
full analysis of the plastic; most preprocessors will request a sample for analysis prior 
to accepting material. 
For those testes, we need some materials; 
• plastic samples of a suitable size (matchstick size or slightly bigger will         
suffice); 
• small bowl; 
• water; 
• washing up liquid; 
• vegetable oil; 
• copper wire; 
• wire cutters; 
• pliers (to hold wire); 
• lighter/matches; 
• candle; 
• acetone (commonly used in nail polish remover and paint stripper); 
• safety precautions. 
3.1 Sliver Test (rigid/flexible plastics) 
Cut a small sliver from the sample, and do the test; if powdery chips are formed the 
material is likely to be a thermoset. Thermosets tend not to be recycled, as they 
cannot be remelted. If a smooth sliver results the material is likely to be a 
thermoplastic. 
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3.2 Float Test (Water) (rigid/flexible plastics) 
The test is done step by step: fill a small bowl with water, adding a little washing-up 
liquid (if the washing-up liquid is not added, surface tension will prevent the sample 
from behaving as it should). Place the sample in the bowl, gently pushing it down. 
Release it and wait a couple of minutes to see whether it floats or sinks. 
3.3 Float Test (Mazola Corn Oil) (rigid/flexible plastics) 
This test should be used on the samples that floated in the water. Fill a small bowl 
with Mazola corn oil. Place the sample in the bowl, gently pushing it down. Release it 
and wait a couple of minutes to see whether it floats or sinks. 
(Why it should be used a specific brand here is that not all corn and vegetable oils 
have the necessary density and the test may therefore not work using other brands)  
3.4  Copper Wire (Flame) Test (rigid/flexible plastics, plastics films&foams) 
This test should be used on the samples that sank in the water and can also be used to 
identify plastic films and foams. You will need a piece of copper wire about 5 cm in 
length. Hold one end of the wire with a pair of tongs or pliers, so you are not touching 
the wire directly while it is heated. Set out a candle on a clear work surface and light 
it. With the plastic sample to hand, place the free end of the wire into the flame until 
it is hot and the flame no longer has a green color. Remove the wire from the flame 
and touch the hot wire to the plastic sample. A small amount of the plastic should 
melt onto the wire. If the wire sticks to the plastic use a pair of tongs to remove it 
(you should not burn a large piece of plastic due to the toxicity of the fumes). Place 
the end of the wire, with the small amount of plastic on it, into the flame. The flame 
should burn green, yellow/orange or blue depending on the type of plastic. 
3.5 Acetone Test (rigid/flexible plastics) 
This test should be used on the samples that produced a yellow/orange flame. Ensure 
that you are working in a well ventilated area. Place the plastic sample in the bottom 
of a small bowl and pour in sufficient acetone to just cover it. Leave the sample in the 
acetone for 30 seconds. Using tongs remove the sample and press firmly between 
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your fingers. A positive reaction has occurred if the plastic sample is soft and sticky. 
Scrape the sample with your fingernail to see if the outer layer has softened. If the 
sample is unchanged, this means that no reaction has taken place. 
3.6       Flexibility Test (rigid/flexible plastics) 
Bend the sample to determine whether it is flexible, semi-rigid, or rigid. 
If it is flexible: sample will bend repeatedly without breaking. If it is semi-rigid the 
sample will break after repeated bending, if it is rigid, will break almost immediately. 
3.7       Surface Test (rigid/flexible plastics) 
Feel the sample to determine whether it has a hard glass-like surface, a soft waxy feel 
those scratches easily or a dull unpolished surface. 
3.8       Stretch and  Strength Test (plastic films) 
Comparing the stretch and strength characteristics of plastic film can be used to 
distinguish between the different polyethylene films. This is difficult to do without 
some experience however, and is not usually necessary, as a majority of 





4 PLASTIC PRODUCTION METHODS  
Process selection depends on many factors including: 
• quantity and production rate; 
• form and details of the product; 
• size of final product; 
• dimensional accuracy and surface finish; 
• nature of material; 
• process costing guide. 
4.6 Thermoplastic Processes 
4.1.1 Structural Foam 
Structural foam is a term commonly used to describe thermoplastic injection 
moulding components made by the injection moulding process which have a cellular 
core. 
4.1.2 Rotational Moulding 
Mould (or tool) is the common term used to describe the production tooling used to 
produce plastic parts in injection moulding. Traditionally, moulds have been 
expensive to manufacture. They were usually only used in mass production where 
thousands of parts were being produced. Moulds are typically constructed from 
hardened steel, pre-hardened steel, aluminum, and/or beryllium-copper alloy. The 
choice of material to build a mould is primarily one of economics. Steel moulds 
generally cost more to construct, but their longer lifespan will offset the higher initial 
cost over a higher number of parts made before wearing out. Pre-hardened steel 
moulds are less wear resistant and are used for lower volume requirements or larger 
components. Hardened steel moulds are generally vacuum hardened or age hardened 
after machining. These are by far the superior in terms of wear resistance and lifespan. 
Aluminum moulds can cost substantially less, and when designed and machined with 
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modern computerized equipment, can be economical for moulding hundreds or even 
tens of thousands of parts. Beryllium copper is used in areas of the mould which 
require fast heat removal or areas that see the most shear heat generated. Rotational 
moulding differs from all other processing methods in that the heating, melting, 
shaping, and cooling stages all occur after the polymer is placed in the mould, and no 
external pressure is applied during forming. 
4.1.2.1 Moulding Trial 
When filling a new or unfamiliar mould for the first time, where shot size for that 
mould is unknown, a technician/tool setter should start with a small shot weight and 
fill gradually until it 95 to 99% full. Once this is achieved a small amount of holding 
pressure will be applied and holding time increased until gate freeze off has occurred, 
then holding pressure is increased until the parts are free of sinks and part weight has 
been achieved, once the parts are good enough and have passed any criteria a setting 
sheet is produced for people to follow in the future. 
4.1.2.2 Moulding Defects 
Injection moulding is a complex technology with possible production problems. They 
can either be caused by defects in the moulds or more often by part processing 
(moulding): 









Raised or layered 
zone on surface of 
the part 
Tool or material is too hot, often 
caused by a lack of cooling around 
the tool or a faulty heater 
Burn Marks Air Burn 
Localized burnt 
zone (often in the 
yellow/brown 
tones) 
Tool lacks venting, injection speed is 
too high 
Color Streaks  Localized change Masterbatch isn't mixing properly, or 
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of color the material has run out and it's 
starting to come through as natural 
only 
Delamination  
Thin mica like 
layers formed in 
part wall 
Contamination of the material e.g. 
PP mixed with ABS, very dangerous 
if the part is being used for a safety 
critical application as the material 
has very little strength when 
delaminated as the materials cannot 
bond 
Flash  











(burnt material or 
other) embedded 
in the part 
Particles on the tool surface, 
contaminated material or foreign 
debris in the barrel, or too much 
shear heat burning the material prior 
to injection 
Flow marks  
Directionally "off 
tone" wavy lines 
or patterns 
Injection speeds too slow (the plastic 
has cooled down too much during 
injection, injection speeds must be 
set as fast as you can get away with 
at all times) 
Jetting  
Deformed part by 
turbulent flow of 
material 
Poor tool design 
Silver streaks  
Circular pattern 
around gate caused 
by hot gas 




cooling time too low, with sprueless 
hot runners this can also be caused 






Lack of material, injection speeds 
too slow 
Splay Marks 




around gate caused 
by hot gas 
Stringiness  
String like remain 
from previous shot 
transfer in new 
shot 
Gate hasn't frozen off 
Voids  
Empty space 
within part (Air 
pocket) 
Lack of holding pressure (holding 
pressure is used to pack out the part 
during the holding time) 
Weld line Knit Line 
Discolored line 
where two flow 
fronts meet 
Mould/material temperatures set too 
low (the material is cold when they 
meet, so they don't bond) 
Warping Twisting Distorted part 
Cooling is too short, material is too 
hot, lack of cooling around the tool, 
incorrect water temperatures (the 
parts bow inwards towards the cool 
side of the tool) 
4.1.2.3 Design 
Moulds separate into at least two halves (called the core and the cavity) to permit the 
part to be extracted. In general the shape of a part must not cause it to be locked into 
the mould. For example, sides of objects typically cannot be parallel with the 
direction of draw (the direction in which the core and cavity separate from each 
other). More complex parts are formed using more complex moulds, which may have 
moveable sections called slides which are inserted into the mould to form features 
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that cannot be formed using only a core and a cavity. Slides are then withdrawn to 
allow the part to be released. Some moulds allow previously moulded parts to be 
reinserted to allow a new plastic layer to form around the first part. This is often 
referred to as overmoulding. This system can allow for production of fully tired 
wheels. Two-shot or multi-shot moulds are designed to "overmould" within a single 
moulding cycle and must be processed on specialized injection moulding machines 
with two or more injection units. This can be achieved by having pairs of identical 
cores and pairs of different cavities within the mould. After injection of the first 
material, the component is rotated on the core from the one cavity to another. The 
second cavity differs from the first in that the detail for the second material is 
included. The second material is then injected into the additional cavity detail before 
the completed part is ejected from the mould. Common applications include the 
"soft-grip" toothbrush, the freelander grab handles are formed this way. The core and 
cavity, along with injection and cooling hoses form the mould tool. While large tools 
are very heavy (up to 60t), they can be hoisted into moulding machines for 
production and removed when moulding is complete or the tool needs repairing. 
4.1.3 Injection Moulding 
Most thermoplastics can be processed by injection moulding. The basic injection 
cycle is as follows: mould close-injection carriage forward-inject plastic-metering-
carriage retract-mould open-eject part(s).  
The moulds are closed shut by hydraulics or electric, and the heated plastic is forced 
by the pressure of the injection screw to take the shape of the mould. Some machines 
are run by electric motors instead of hydraulics or a combination of both. The water-
cooling channels then assist in cooling the mould and the heated plastic solidifies 
into the part. Improper cooling can result in distorted moulding or one that is burnt. 
The cycle is completed when the mould opens and the part is ejected with the 
assistance of ejector pins within the mould. 
The resin, or raw material for injection moulding, is usually in pellet or granule form, 
and is melted by heat and shearing forces shortly before being injected into the mould. 
Resin pellets are poured into the feed hopper, a large open bottomed container, which 
feeds the granules down to the screw. The screw is rotated by a motor, feeding pellets 
up the screw's grooves.  
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The depth of the screw flights decreases towards the end of the screw nearest the 
mould, compressing the heated plastic. As the screw rotates, the pellets are moved 
forward in the screw and they undergo extreme pressure and friction which generates 
most of the heat needed to melt the pellets. Heaters on either side of the screw assist 
in the heating and temperature control during the melting process. 
The injection molding process occurs cyclically. Typical cycle times range from 10 to 
100 seconds and are controlled by the cooling time of the thermoplastic or the 
currying time of the thermosetting plastic. The plastic resin in the form of pellets or 
powder is fed from the hopper and melted. In a reciprocating screw type injection 
molding machine, the screw rotates forward and fills the mold with melt, holds the 
melt under high pressure, and adds more melt to compensate for the contraction due 
to cooling and solidification of the polymer. This is called the hold time. Eventually 
the gate freezes, isolating the mold from the injection unit, the melt cools and 
solidifies. Next the screw begins to rotate and more melt is generated for the next shot. 
In the soak time the screw is stationary and the polymer melts by heat conduction 
from the barrel to the polymer. The solidified part is then ejected and the mold closes 
for the next shot. (Toshiharu Furuya, et al. 1992). 
 
Step #1 - The uncured rubber is fed 
into the machine in the form of a 
continuous strip. 
Step #2 - The uncured rubber is 
worked and warmed by an auger 
screw in a temperature controlled 
barrel. 
Step #3 - As the rubber stock 
accumulates in the front of the 
screw, the screw is forced 
backwards. When the screw has 
moved back a specified amount, the 
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machine is ready to make a shot. 
Step #4 - With the mold held closed 
under hydraulic pressure, the screw 
is pushed forward. This forces the 
rubber into the mold, similar to the 
action of a hypodermic syringe. 
Step #5 - While the rubber cures in 
the heated mold, the screw turns 
again to refill. 
Step #6 - The mold opens and the 
part can be removed. The machine is 
ready to make the next shot, as soon 
as the mold closes. 
Figure 4.1: Injection Moulding Process 
Most raw materials can be used in injection moulding process such as ABS, nylon PA, 
PC, and polystyrene GPPS. Instead, injection molding offers the lowest piece prices 
available, but tooling prices are generally the highest. 
Using injection moulding brings some advantages: high production rates, design 
flexibility, repeatability within tolerances, it can process a wide range of materials, 
relatively low labor, little to no finishing of parts and minimum scrap losses. On the 
other hand, has also some disadvantages such as high initial equipment investment 
and startup and running costs possible, part must be designed for effective molding 
and it needs an accurate cost prediction for molding job is difficult. 
Applications of injection moulding are containers, household goods, auto 
components, electronic parts, flower pots. 
The most commonly used thermoplastic materials are polystyrene (low cost, lacking 
the strength and longevity of other materials), ABS (a co-polymer or mixture of 
compounds used for everything from LegoTM parts to electronics housings), nylon 
(chemically resistant, heat resistant, tough and flexible-used for combs), 
polypropylene (tough and flexible-used for containers), polyethylene, and or PVC 
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(more common in extrusions as used for pipes, window frames or as the insulation on 
wiring where it is rendered flexible by the inclusion of a high proportion of 
plasticiser). 
Injection moulding machines, also known as presses, hold the moulds in which the 
components are shaped. Presses are rated by tonnage, which expresses the amount of 
clamping force that the machine can generate. This pressure keeps the mould closed 
during the injection process. Tonnage can vary from less than 5 tons to 6000 tons, 
with the higher figures used in comparatively few manufacturing operations. Injection 
moulding machines can fasten the moulds in either a horizontal or vertical position. 
The majority is horizontally oriented but vertical machines are used in some niche 
applications such as insert moulding, allowing the machine to take advantage of 
gravity. 
 
Figure 4.2 Injection Moulding Machine 
4.1.3.1 Injection Moulding (Gas Assisted) 
Enhanced quality, reduced cycle times and component weight reductions can be 
achieved by gas assisted injection moulding: 
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Figure 4.3: Injection Moulding (Gas Assisted) 
4.1.3.2 Injection Blow Moulding 
Injection blow moulding is used for the production of hollow objects in large 
quantities. The main applications are bottles, jars and other containers. The injection 
blow moulding process produces bottles of superior visual and dimensional quality 
compared to extrusion blow moulding: 
 
Figure 4.4: Injection Blow Moulding 
4.1.3.3 Injection Stretch Blow Moulding 
Injection stretch blow moulding is used for the production of high quality containers: 
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Figure 4.5: Injection Stretch Blow Moulding 
4.1.4 Thermoforming 
Thermoforming has close similarities with vacuum forming except that greater use is 
made of air pressure and plug assisted forming of the softened sheet. Only 
thermoplastics sheet can be processed by this method: 
 
Figure 4.6: Thermoforming 
4.1.5 Extruction Blow Moulding 
Used for the production of hollow objects in large quantities. Obvious applications 
are bottles and similar containers. 
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4.1.6 Insert Moulding 
Inserts can either be incorporated at the time of the moulding process, or be inserted 
as a post moulding operation: 
 
Figure 4.7: Insert Moulding 
4.1.7 Moulding Expanded Polystrene (EPS) 
Expanded polystyrene (EPS) is used for the production of a number of applications. 
However its major application is as a protective packaging for consumer electronic 
products and white goods. 
4.1.8 Blow Film 
The process involves extrusion of a plastic through a circular die, followed by 
"bubble-like" expansion. 
4.1.9 Machining of Plastics 
Where a plastics component is specified and the numbers to be used are not large, 
then machining the component becomes more economical.  
Moulds are built through two main methods: standard machining and EDM 
machining. Standard Machining, in its conventional form, has historically been the 
method of building injection moulds. With technological development, CNC 
machining became the predominant means of making more complex moulds with 
more accurate mould details in less time than traditional methods. 
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The electrical discharge machining (EDM) or spark erosion process has become 
widely used in mould making. As well as allowing the formation of shapes which are 
difficult to machine, the process allows pre-hardened moulds to be shaped so that no 
heat treatment is required.  
Changes to a hardened mould by conventional drilling and milling normally require 
annealing to soften the steel, followed by heat treatment to harden it again. EDM is a 
simple process in which a shaped electrode, usually made of copper or graphite, is 
very slowly lowered onto the mould surface (over a period of many hours), which is 
immersed in paraffin oil. A voltage applied between tool and mould causes erosion of 
the mould surface in the inverse shape of the electrode. 
The cost of manufacturing moulds will depends on a very large set of factors ranging 
from number of cavities, size of the parts (and therefore the mould), complexity of the 
pieces, expected tool longevity, surface finishes and many others. 
4.1.10 Process Cooling 
Cooling is a critical element of the process and one of the areas that can be targeted 
for energy savings: 
 
Figure 4.8: Process Cooling 
4.1.11 Melt Granulation/Thermoplastic Granulation 
The process of granulation aims to transform powders into solid aggregates or 
agglomerates called granules. Melt granulation or thermoplastic pelletizing are two 
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granulation processes by which granules are obtained through the addition of either a 
molten binder or a solid binder which melts during the process. In the latter case the 
plastic properties of the binder are used. After the granulation the binder crystallizes 
at room temperature.  
Whatever the process used, agglomerates obtained are either granules with an 
irregular shape and a broad particle size distribution or pellets of spherical shape, 
particle size distribution ranging from 0.5 to 2 mm and a matrix structure. The 
granules or pellets can be used either directly into sachets, capsules or compressed 
into tablets.  
The principle of melt granulation is mechanisms of agglomeration of both melt 
granulation and thermoplastic pelletizing are similar to those of wet granulation. As a 
matter of fact, even if the meltable binder is classically introduced in the solid-state, it 
melts during the process and acts as a classical wetting agent.  
There are some stepsfor this process: 
• nucleation step; 
• densification step; 
• friction-breakage step. 
During the nucleation step the binder comes into contact with the powder bed and 
some liquid bridges are formed, leading to the formation of small agglomerates. The 
size, the viscosity of the binder and the speed of the impeller influence the 
mechanism of nucleation.  
Fine or atomized binders with low viscosity and high impeller speed favor a 
homogenous distribution of the binder at the surface of the powder whereas large 
particles of binder with a high viscosity and low impeller speed preferably induce the 
immersion of the powder into the binder. The mechanism of nucleation depends on 
the binder viscosity at high impeller speed and the binder size at low speed. 
The mechanism of densification depends on the liquid saturation of granules and their 
ability to deform themselves during collisions. These collisions can lead to the 
coalescence of two granules or the layering of fine particles at the surface of pre-
existing granules. Two main hypotheses are postulate to explain the densification step: 
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• the steady-state densification happens with easily deformable granules. It is 
favored by large particles and low-viscosity binders. 
Densification through induction happens by coalescence of solid-granules; 
• the presence of molten binder at the surface of the granule is necessary to 
permit the coalescence of granules after collision. The liquid saturation of the 
granules should be from 80 to 100% in order to insure the deformability of the 
surface. It is favored with fine particles and viscous binders.  
In fact there is equilibrium between densification and breakage of granules. Granules 
that cannot withstand the shear of the mixers will break and their fragments will 
participate to the densification by layering. In a high-shear mixer, that phenomenon of 
breakage insures the control of the granule size distribution. 
4.6 Thermoset Processes 
Thermosetting materials start as liquids/syrups, often called "resins", as powders or 
partially cured products ("preforms") which need heat for the shaping phase. The 
shaping is accompanied by a chemical reaction, which means that the material does 
not soften on reheating. The reaction may be exothermic (giving heat out); in which 
case cooling is required. 
4.2.1 Resin Transfer Moulding 
RTM is a low pressure moulding process, where a mixed resin and catalyst are 
injected into a closed mould containing a fibre pack or perform: 
 




4.2.2 Other Thermoset Process 
Other kind of thermoset process are pultrusion used offshore, building and civil 
engineering applications and SMC, DMC moulding known as Dough or bulk 
Moulding Compounds (DMC or BMC). In sheet form they are known as Sheet 
Moulding Compound (SMC). 
4.6 Preparator& Finishing Processes 
Welding, design and tooling constraints sometimes make it more economical and/or 
advantageous to tool the product as two or more pieces. Post moulding joining of the 
parts provides a means of achieving an end solution. 
4.6 Recycling 
All plastics can be recycled. The extent to which they are recycled depends upon both 
economic and logistic factors. 
4.6 Equipments 
High-shear mixers are the best equipments for melt granulation or thermoplastic 
pelletizing. As a matter of fact they allow a sufficient increase of the product 
temperature inside the equipment to melt the binder and to shorten the process time. 
They are also equipped with a double-heated jacket in order to quickly obtain. The 
melting temperature of the binder is inside the bowl. The shear exerted by the 
impeller allows the mixing and densification of particles and the chopper controls the 
granule size distribution. The choice of the high-shear mixer can influence the melt 
granulation process.  
4.6 Pre-Blending 
When we purchase reground feedstock from sources other than our own recycling 
division, we blend the materials before allocating them to production. This allows us 
to test a representative sample of product to ensure it is not contaminated with 




Blending the raw materials is one of the most underrated aspects of calendaring 
technology. The reason, perhaps, is at U.S. manufacturers first concentrated on 
flexible compounds rather than rigid ones. Blending flexible compounds is done 
differently, usually in large batch blenders, first heated and then cooled for better 
absorption and storage of masterbatched plasticizer and pigment. So, when U.S. 
manufacturers finally under took compounding of rigid PVC formulas, there was a 
tendency not to spend capital dollars on the high-intensity mixers used extensively in 
Europe.  
Because of their high speed, not only do they blend thoroughly and quickly but fuse 
ingredients in place preventing separation. U.S. compounders had been relying on 
ribbon blenders, which are much less efficient. Banburys, from the Farrel Corp, were 
used to flux batch by batch and essential mixing was accomplished in the fluxing step. 
But with the newer continuous fluxing machines, little effective mixing is done after a 
compound leaves a blender.  
A blender is essentially a very simple piece of equipment; it consists of a large 
container into which the plastic materials are fed, the bottom of which is conical in 
shape to aid with emptying the material out after the blending process is complete. A 
vertical screw feeds the plastic to the top of the blender where it then spays onto the 
sides of the blender where foils further disperse the material. How long this process 
takes depends on the quantity of material and the speed of the screw. 
4.6 Post-Blending 
However careful we are to ensure consistency of our finished compound it is still 
possible that minor fluctuations throughout the compounding process will cause 
variations in physical properties or color of the resulting product. Post-blending is 
(like the name suggests) a post production process. If the finished compound does 
fluctuate through the batch then we may blend different parts of the batch together to 
obtain a more consistent product. Once we have blended the material, further quality 
assurance checks are performed to ensure that the compound meets the required 
specification and quality criteria. 
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4.6 Compounding 
Compounding is the process by which color or additives are added to the basic 
thermoplastics material. This usually involves melting the thermoplastics material 
then mixing it with the required pigments and/or additive material in an extruder. The 
polymer melt is then extruded and chopped into pellets as it cools, which can then be 
used directly by the plastics processor. An associated process is masterbatch. This is 
where a high concentration of pigment and/or additives are dispersed in a carrier 
medium which can then be used directly by the processor in small quantities to 
pigment or modify the virgin polymer material. 
The thermoplastics compounding industry forms a vital interface between resin 
production and the plastics converter. Most processors require the polymers they use 
to be colored or modified in some way (e.g. with the addition of additives such as 
flame retardants or UV light stabilizers) and in the case of PVC, all resin has to be 
compounded before it can be processed. Whilst a few very large processors carry out 
their own compounding, particularly PVC processors, the majority buy-in ready 
compounded material either direct from the polymer supplier or through an 
independent compounder. It is this “free” market, i.e. compounds sourced externally 
by the processor, which will be covered in this chapter . 
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5 PLASTIC PRODUCTION  
Table 5.1: Polymers and their Usages 
Polymer Used as Filling Product 
PVdC,EVOH,Acrylnitril Oxygen barrier  
PET/PVdc-PVC/PE multilayer foil red meat 
HDPE, PVdC,PP water vapor barrier  
PA/PE-PVC/PE multilayer foil treated meat 
HDPE,PP stability, suitable  
 for microwave oven  
PET/PVdC/PE multilayer foil poultry 
Nylon high temperatures  
 resistant  
PET/PE/PVdC-PVC/PE multilayer foil fresh fish 
CPET mechanical resistance,  
 high temperatures  
 resistant, oxygen barrier  
PET/PVdC/PE multilayer foil Pizza 
APET mechanical resistance,  
 oxygen barrier  
PET/PE/PCdC multilayer foil Cheese 
Polyester high temperatures  
 resistant, flexibility  
 and resistant to  
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perforation 
Metallized PET/PE-metallized PA/PE multilayer foil 
dried products, 
coffee 
PVC/PET mechanical stability,  
 some types  
Micropore foil-
LDPE/OPP/PVCPA/PE 
multilayer foil fresh vegetables 
LDPE, HDPE, EVA sealing layer  
EVA highly permeable to  
 oxygen and CO2  
 
5.6 Types of Plastic Packaging 
The type of Packaging can interfere in the growth of bacteria.  
• gas permeable packaging; 
• gas barrier, closed packaging; 
• vacuum packaging; 
• modified atmosphere packaging MAP. 
Selecting a Plastic Container 
There are many things you should consider when selecting what type of plastic 
container you will use. The factors range from color, shape and size to the ability of 
the plastic to resist damage from extreme heat, extreme cold, or chemical breakdown.  
Things to think about when selecting a container: 
• permeation/barrier; 
• absorption characteristics; 
• chemical resistance; 
• stress crack resistance;  
• rigidity/flexibility; 




• temperature resistance. 
5.1.1 Plastic Bags 
Plastic bags are not created equal because they are meant for different purposes: 
 
Figure 5.1: Plastics Bags 
There are many types of plastic bags, all designed for different purposes. Plastics are 
composed of polymers--large molecules consisting of repeating units called 
monomers. In the case of plastic bags, the repeating units are ethylene, or ethane.  
Many kinds of polyethylene can be made from ethylene. There are 4 main types of 
poly bags in widespread use: 
• high density polyethylene (HDPE); 
• low density polyethylene (LDPE); 
• oriented polypropylene (OPP); 
• complex structure (two or more plastics bonded together for better mechanical 
or barrier properties as nylon and LDPE for vacuum packaging for example). 
Polyethylene is an economical and versatile plastic so it is commonly used for 
disposable and general use bags. Poly bags are made melting the resin in a blown 
machine. 
What else do plastic bags contain? According to William F. Carroll Jr., a polymer 
chemist at Occidental Chemical Corp. and president-elect of the American Chemical 
Society, with the possible exception of a little lubricant to help in extrusion, plastic 
bags are pretty much just the native polymer. However, different pigments may be 
added to produce colored bags. 
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Plastic bags have made our lives easier in many ways. Unfortunately, they are often 
not disposed of properly. We see them blowing around in the streets and they often 
end up in streams and the oceans. These bags can be dangerous to animals, such as 
turtles, that ingest them or are strangled by them, especially in marine environments 
where plastic bags resemble jellyfish and other food items. One solution to this 
problem is to make degradable bags, such as those from starch. Starch, obtained from 
corn or potatoes, can be converted into lactic acid, which can be polymerized to the 
biodegradable plastic known as polylactide. Another solution is to add an ultraviolet-
light absorber to make the material degrade when exposed to sunlight. Unfortunately, 
these solutions can make the plastics more expensive, so they haven't caught on with 
consumers. Plastics have been around for more than 100 years, and they will be 
around for many more.  
Without a doubt, they are extremely useful. But when it comes to shopping, some 
environmentally conscious consumers prefer to avoid plastic bags, opting instead for 
paper bags. And some go even further, just reusing the same cloth bag over and over 
again. 
Bags made of HDPE (High Density Polyethylene) range from 0.94 to 0.97 g/cm3 
density, typically haze, typical application in supermarket and grocery stores, due to 
his strength even in low thickness, compared to other films. Bags made out of LDPE 
(Low Density Polyethylene) range from 0.91 to 0.93 g/cm3 density, can be clearer 
than HDPE and are used worldwide in general applications, usually for its cheap and 
versatile advantages, from sugar, grains, bread to ice, oranges, apples and carrot bags. 
HDPE and LDPE bags are manufactured from resin pellets, from ethylene gas, a by-
product of the oil industry. OPP bags are made from polypropylene film, usually are 
preferred when you look for transparency, bright, water vapor barrier and gift-look 
and sound, as in candies, confectionery, pasta and flour products, imported wine 
packaging, recordable media, etc. When a usually white OPP film is woven, the bag 
is a woven sack. 
Shapes and sizes 
Many plastic bags are shaped like two identically-sized rectangular plastic sheets 
welded or folded together on 1, 2 or 3 sides, with one side open. This type of shape 
allows for simple, economic manufacturing and compact storage of the bags before 
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use. Sizes vary from a few centimeters on a side, to several meters on a side depended 
on need. Typical properties manufacturers look for when determine the bag material 
are impact strength, flexibility, low or high temperature properties, crystalline, 
resistance to environmental stress cracking, lower melting points and wide processing 
ranges. 
Bags are also made with carrying handles, hanging holes, tape attachments, security 
features, paper and other laminations, heavy sacks, pouch and standup pouch and 
other shapes. Some bags have provision for resalable hermetic or non-hermetic 
closing; others are sealed, often by heating the open edge, once filled, and can only be 
opened by destroying the packaging. 
The thickness or gauge of the film is expressed in Mil - A unit of measurement in 
thousandths of an inch, (i.e., .001 = one thousandth of an inch or 1.0 mil), generally 
used to designate the thickness of LDPE products; or Mic - Short for micron, one 
thousandth of a millimeter, generally used to designate the thickness of HDPE 
products.  
Those thick, glossy shopping bags from the mall are LLDPE, while grocery bags are 
HDPE, and garment bags from the dry cleaner are LDPE. The major difference 
between these three materials is the degree of branching of the polymer chain. HDPE 
and LLDPE are composed of linear, unbranched chains, while LDPE chains are 
branched (Cabinet Office – September 2002). 
Bag types 
Shopping bags are open bags with carrying handles are used in large numbers 
worldwide. A common size for general shopping is about 35 x 40 cm, but sizes range 
from a bag to hold a couple of greeting cards, to bags which can hold large appliances. 
Shopping bags may be reused for their original purpose, although there is little 
incentive to do so as new ones are usually supplied without charge. 
Many products are packaged for sale in plastic bags which are usually sealed in some 
way. This packaging is usually discarded without any reuse or recycling because of 
shipping costs. 
Rubbish bags are convenient and sanitary way of handling rubbish and are widely 
used. Plastic rubbish bags are fairly lightweight and are particularly useful for messy 
or wet rubbish, as is commonly the case with food waste, and are also useful for 
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wrapping up rubbish to minimize odor. Plastic bags are often used for lining litter or 
waste containers or bins. This serves to keep the container sanitary by avoiding 
container contact with the rubbish. After the bag in the container is filled with litter, 
the bag can be pulled out by its edges, closed, and tied with minimal contact with the 
waste matter. Most commonly, the rather soft, flexible plastic used to make rubbish 
bags is LDPE or, for strength, LLDPE. HDPE is sometimes used. 
5.1.2 Box Wine 
A box wine (or wine cask) is a wine packaged in a bag usually made of aluminized 
PET film or other plastics, filled with wine and protected by a box, usually made of 
standard corrugated cardboard. The bag is sealed by a simple plastic tap, which is 
revealed by tearing away a small perforated panel on the box, and used to dispense 
the wine. The most common sizes are 1.5, 3, 4 and 5 liter. 
The wine cask was invented by Tom Angove of Angove's, a winemaker from 
Renmark, South Australia, and patented by the company on April 20, 1965. 
The wine cask is now facing a new competitor with Tetra Pak introducing an 
environmentally friendly Prisma Pak, similar to that used for fruit juices. The Prisma 
Pak was introduced into Canada in 2006 with the launch of French Rabbit in one liter 
containers. There are a number of new launches of wine products in Prisma Pak in 
Canada prior to end 2006. It has just been launched into Australia as B-Pak through 
the Cheviot Bridge wine company under the Long Flat brand. The B-Paks reduce 
packaging waste by 90%, reduce fuel consumption and emissions at every stage of 
the packaging life cycle and can be recycled just like glass bottles. 
5.1.3 Box in Box 
Several bag-in-box containers connected to a soft drink system. In packaging, a bag-
in-box or BIB is a type of container invented by William R. Scholle in 1955 for the 
storage and transportation of liquids. It consists of a strong plastic bag seated inside a 
cardboard box. The bag is filled by the manufacturer with the desired liquid, and then 
sealed, and then the box is sealed. The user is generally advised to not take the bag 
out of the box, as the bag alone may not be able to contain the internal pressure from 
its contents and could explode. After the contents are exhausted, the entire box and 
bag inside is typically discarded rather than refilled. 
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5.2       Piping 
Large-scale piping system is in an HVAC mechanical room. Within industry, piping 
is a system of pipes used to convey fluids, from one location to another. The 
engineering discipline of piping design studies the best and most efficient manner of 
transporting fluid to where it is most needed. 
Industrial process piping (and accompanying in-line components) can be 
manufactured from wood, glass, steel, aluminum, plastic and concrete. The in-line 
components, known as fittings, valves, and other devices, typically sense and control 
the pressure, flow rate and temperature of the transmitted fluid, and usually are 
included when one discusses the concept of piping design. Piping systems are 
documented in Piping and Instrumentation Diagrams. If necessary, pipes can be 
cleaned by the tube cleaning process. 
Polyolefin, polyvinyl chloride (PVC), and acrylonitrile butadiene styrene (ABS) pipes 
and fittings, offer excellent fusion integrity for continuous pipeline systems, helping 
to eliminate potential leak points where water could be wasted.  
In residential use, cross-linked polyethylene piping (PEX) is effective in manifold 
systems—due to its flexibility, lightness, and ease of installation—allowing multiple 
feed lines throughout a house, which allows hot water to arrive more quickly to a sink 
or shower. This can significantly save water. 
5.3       Fuel Tank 
A fuel tank is the part of an engine system in which the fuel is stored and released 
into the engine. Fuel tanks range in size and complexity from the small plastic tank of 
a butane lighter to the multi-chambered cryogenic Space Shuttle external tank. 
5.4       Building and Construction 
From residential homes to commercial buildings, and from hospitals to schools, 
architects and designers rely on plastics to help maximize energy efficiency, 
durability and performance.  In addition to potentially lightening a structure’s 
environmental footprint, properly installed plastic building products can help reduce 
energy and maintenance costs over many years.  
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Following are some examples of plastic building products that promote the efficient 
use of energy and other resources: 
Roofing 
Roofing systems made with spray polyurethane foam (SPF) offer durability, energy 
savings and moisture control. This foam can be used to cover an existing roof, 
helping to reduce the amount of building materials sent to landfills.  
Walls 
In walls, the use of structural insulated panels (SIPs) made with expanded polystyrene 
(EPS) can help homeowners save hundreds of dollars annually on heating and cooling 
bills.  Savings vary by material and products. EPS starts out as a plastic pellet and 
ends up as nearly 95% air, a very effective insulator.  
Windows 
Plastics also rival traditional materials for windows and frames. For example, 
polycarbonate – a material also used in eyeglasses – is used in windows. These 
lightweight, shatter-resistant plastic products have low thermal conductivity, which 
can help to reduce heating and cooling costs.  
Decks, Fence and Railings 
Lumber made from recycled plastics or plastic-wood composites can outlast 
traditional materials, often require less maintenance, and are resistant to peeling, 
cracking, splintering or fading. 
Plastic House Wrap 
The advent of plastic house wrap technology has reduced the infiltration of outside air 
into the average home by 10-50%, helping to drastically reduce the energy required to 
heat or cool the home.  
5.5 Environmental issues 
Plastic bags have advantages and disadvantages when compared to alternatives such 





Advantages of plastic bags 
The durability, strength, low cost, water and chemicals resistance, welding properties, 
lesser energy and heavy chemicals requirements in manufacture, fewer atmosphere 
emissions and light weight. 
Disadvantages 
Many studies comparing plastic versus paper for shopping bags show that plastic bags 
have less net environmental effect than paper bags, requiring less energy to produce, 
transport and recycle; however these studies also note that recycling rates for plastic 
are significantly lower than for paper. 
 Paper is also made from a renewable resource (trees), whereas plastic is non-
renewable (petroleum-based). Additives have been developed that allow plastic to 
degrade and biodegrade within a few months in landfill (as opposed to an estimated 
500-1000 years for non-degradable plastic). Plastics made with these additives are 
called ox biodegradable, and have been adopted by many 'ethical' retailers, e.g., the 
Co-op in the UK. However, some argue that oxo-biodegradable plastics contribute 
more to global warming as they release their carbon as carbon dioxide and methane 
far more quickly than plastics in landfill. 
Polylactic acid exhibits many properties that are equivalent to or better than many 
petroleum-based plastics, which makes it suitable for a variety of applications, emits 
fewer greenhouse gases, and contains no toxins. 
At present the most widely implemented solution to these problems is to reduce the 
use of plastic bags, for example, according to the BBC news, a plastic bag tax was 
introduced in Ireland in 2002, after which plastic bag usage decreased by almost 90%. 
The government levy on plastic bags was € 0.15 as of 2006. Many retailers in Ireland 
switched to supplying (untaxed) paper bags, or simply stopped supplying bags. Most 
supermarkets continued to supply plastic bags, subject to the tax.  
5.6 Biodegradability and Recycling 
Recycling of plastics after final use is possible, but plastic bags, in particular, are 
rarely recycled. According to the UK-based Ban the Bag campaigning group, 0.5% of 
plastic bags are recycled. Standard plastic bags may take between 500 and 1000 years 
to decompose. However, such figures are only ever estimates because plastics have 
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not existed for long enough for the precise decomposition time to be measured 
according to the UK government department DEFRA, there are several problems with 
recycling plastics, and in particular plastic bags, the high volume to weight ratio of 
plastic means that the collection and transport of this waste is difficult and expensive. 
When one ton of paper bags is reused or recycled, three cubic meters of landfill space 
is saved (the area needed for 13-17 trees). In 1997, 955000 tons of paper bags were 
used in the United States. When one ton of plastic bags are reused or recycled, the 
energy equivalents of 11 barrels of oil are saved. 
Oxo-biodegradable and other degradable plastic bags have certain useful applications 
when used as rubbish bags. Organic waste can be put into oxo-biodegradable plastic 
sacks and put straight into the composting plant, unopened, thus reducing smells, 
disease transmission by insects, and handling hazards. The resulting compost may be 
used by farmers and growers. Since oxo-biodegradable plastic (unlike the starch-
based alternative) releases its carbon slowly, it produces high quality compost. Oxo-
biodegradable plastic does not degrade quickly in low temperature "windrow" 
composting, but it is suitable for "in-vessel" composting at the higher temperatures 
required by new animal by-products regulations. Oxo-biodegradable plastics become 




Plastic recycling is still a relatively new and developing field of recycling. The post 
consumer items made from PET and HDPE resins have found reliable markets within 
the US and in Asia. 
As with other recyclables, the infrastructure needed to recycle plastics consists of four 
major components: 
6.1 Recycle Process 
6.1.1    Collection 
Plastics are collected for recycling rather than discarded after serving their initial 
purpose.  
6.1.2    Sortation/Handling 
 The collected plastics are sorted to enhance quality and then baled to reduce storage 
and shipping costs.  
Waste plastics that arrive at a sorting facility originate from a number of different 
collection schemes (kerbside collection, neighborhood containers and container parks) 
and waste streams (household, construction and demolition, industrial, commercial 
and agricultural). 
The quality, quantity and the size of the collected waste plastics is variable and 
dependant on the collection scheme. Kerbside collection schemes and neighborhood 
containers typically collect small waste plastics (generally plastic bottles), while the 
plastics collected in the containers parks are usually larger plastic items, such as pipes, 
windows, etc. 
In general, the quality of the sorted materials will determine its price: a clean material 
(mono-material, mono-color, low impurities) will be more valuable than a bad sorted 
material (multi-material, multi-colored, with a high level of impurities). However, the 
responsible of the sorting facility must check with the buyer of the sorted materials 
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what the quality requirements are, the required quantities, frequency of supply and 
what price each material, dependant on its quality will demand. A balance must be 
established between the additional effort and cost involved in sorting the material and 
the potential increase in value for a cleaner material.  
Waste plastics sorting activities can be separated into two main categories; the sorting 
of small pieces like bottles and other household packaging, and the sorting of the 
bulky items, like pipes and films. 
A typical sorting chain for the mixed packaging waste has the following lay-out: 
unloading of the collection trucks on a provisional stocking area → alimentation of 
conveyor with a loader → separation of the different fraction (metallic like magnetic 
and Foucault current separators, light, air classification and size separation, trommel 
and vibrating table) → hand sorting on belt conveyors → baling → stocking. 
The sequence of the material separation varies from one sorting plant to another: 
some plants have equipment additional to those described above, whilst others do not.  
For more information on multi-material sorting plants, the report “Guide du centre de 
tri des déchets recyclables” by the Centre National du Recyclage (2002) is 
recommended. 
In multi-material waste streams early separation of plastic films is recommended as 
their presence can clog equipment and interfere with the efficiency of the ferrous 
magnet separation system by wrapping around ferrous cans. 
Plastic bottles are generally sorted by polymer, but they can be also sorted by color: 
which method is used is dependant on the requirements of the market. In traditional 
multi-material sorting plants, separating plastics into the various different categories 
is reliant on hand-sorting. 
In these sorting plants, the amount of material that can be processed (sorted) is around 
80 kg per employee per hour. Automated sorting plants however, have a material 
throughput in the region of 1-2 tones per hour. Therefore, when large volumes of 
material are being collected, automated techniques may be more cost-effective. This 
technology can, to varying degrees, separate plastics based on the physical properties 
of the material (B. Krummenacher et al, November 1998 and the abstracts of 
“Identiplast – International Conference on the automatic identifications sorting and 
separations of plastics – Brussels 23rd and 24th April 2001” APME). 
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Figure 6.1: Sortation and Handling Process 
The equipment is made of a light source (infrared, X-ray, visible light,…) and a 
detector. The light is directed toward the object to identify and the detector analyze 
the transmitted light or the reflected light. 
Among the other separation methods used for the plastic separation, floatation 
technologies are quite common. This is based on the differences in density between 
plastic polymers, but it can be difficult to separate plastics with similar density. The 
disadvantage of these methods is that they are ‘wet’ sorting methods and therefore 
generate wastewater. 
 The sorting of plastic granulates has also improved in recent years as spectroscopic 
methods have developed. These processes are however, more the concern of 






6.1.2.1 Quality control 
As already mentioned, the quality of the sorted plastics has a direct influence on its 
sale price. In order to maintain the desirable quality, routine quality control must be 
established. Samples of sorted materials should be analyzed in detail and the results 
compared with the requested quality. This enables streams that have sorting 
deficiencies to be identified. A more detailed analysis will identify the cause of a bad 
sorting: misunderstanding of the sorting instruction, equipment failing etc. The 
installation of video network can be helpful to identify the failures in the sorting chain. 
Reduction of volume and storing sorted waste plastics can be bulky to transport and 
store. To make these activities more economical, some type of volume reduction 
process is necessary (Lubomir Polakovic, et al, 1992). 
6.1.2.2 Baling 
Baling is a suitable option for both films and bottles, providing a reduction in volume 
that aids storage and management of the waste plastics. The baler must be compatible 
with the baled materials and with the flow. Over-compaction may weld the waste 
together making it difficult to separate whilst under compacted bales will be unstable 
and difficult to stack. Most balers can be used for several materials, but adjustments 
may be necessary. The choice of baler strapping is also important; it must be strong 
enough to contain long-term baled material and particularly if the material is to be 
stored outdoors, be rust-resistant. Polyester strapping or stainless steel is commonly 






Figure 6.2: Alternative Waste Plastics Storage Options 
6.1.2.3 Pre-shredding 
For the big pieces of waste plastics, such as pipes or window frames, pre-shredding 
can be an interesting option in order to reduce the stocking area and the transportation 
costs. However, it is the responsibility of the sorting plant to evaluate the benefits of 
such equipment in relation with its price. This type of equipment can also be helpful 
in reducing the volume of other waste. As for the baler, the two important points to 
check are the material compatibility and the outflow of materials to shred. It is 
important to note that shredded material, particularly mixed shredded plastics are not 
accepted by some markets because quality standards beyond common sorting 
processes are required and therefore assured applications for the shredded material 
should be investigated. 
6.1.2.4 Compaction 
EPS is 98% air. Large areas and vehicle capacities are needed to stock and transport 
very small weights of material. It is possible to compact EPS and reduce its volume 
by a factor of 20 by means of a compactor. The price of this kind of equipment is 
around € 30 000. 
6.1.2.5 Storing sorted waste plastics 
Rain does not affect the quality of plastics; however, UV light does degrade the 
physical and chemical structure of most plastics. To avoid contamination by dust and 
dirt, plastics should be stored on clean concrete floors; storage of the material on 
pallets can also reduce contamination.  
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Table 6.1: Storability of Plastics 
 
Where plastics are to be stored indoors, fire-safety and prevention systems should be 
installed. Plastic is flammable and while it is difficult to ignite baled plastics; it is 
much easier for non-baled material. As such, these considerations must be integrated 
into the planning stages of storage areas. 
6.1.3 Reclamation 
The sorted plastics are cleaned and processed directly into end products or into flakes 
or pellets of consistent quality acceptable to manufacturers. 
6.1.4 Preparation (Pre-granulation Processes) 
Plastic scrap or waste comes in all manner of shapes and sizes such as plastic bottles, 
bottle crates, plastic pallets and car bumpers and a variety of material types. Often 
these plastic materials are not compatible with each other when it comes to recycling 
so they have to be identified and separated. 
6.1.5 Granulation 
Granulation is a similar process to shredding, whereby spinning blades cut the plastic 
components into irregular shaped pieces (known as "reground" or "regrind"). Unlike 
shredding however, the use of grids in the grinding process allow us to control the 
approximate size of the reground, which can then be used as a feedstock for our later 
compounding processes. 
6.1.6 Blending 
Blending is simply the process of creating a homogenous batch of plastic and can be 
used at various stages of the plastic recycling process. Material may be blended on 
arrival at our recycling facilities to aid with testing of the plastic. Many polymer types 
are incompatible and therefore we need to ensure that incoming batches are not 
contaminated with different polymer types. 
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6.1.7 Compounding 
The compounding process is very similar to that employed in injection moulding 
machine, where plastic and additives are metered into a hopper at one end of a barrel. 
The material is transported along the length of the barrel via an Archimedes screw 
and as it does so is melted by applying heat by external heater bands, as well as the 
heat caused by friction (otherwise known as shear heat). 
6.2 Environmental Benefits of Recycling 
The study only dealt with lightweight packaging because it is uncontroversial 
accepted that glass and paper recycling has a positive ecological effect. A total of five 
different waste management scenarios with a number of sensitivity considerations 
were studied (see Table 6.2, below). The costs were analyzed in a separate study. The 
following illustrations show the life cycle values for complete mechanical recycling 
of the plastics. 
Table 6.2: Environmental Pollution and Relief in the Different Treatment of All 
Waste 
 
6.2.1 Visual Pollution and the Effects on Tourism 
It is obvious that much of the litter visible in towns, the countryside and especially 
near rivers, lakes or seas. In 1998, 81000 tones of street cleaning waste were reported 
in Ireland. One survey estimated that 15 per cent of all litter in Ireland was plastic 
(Fehily, Timoney, et al, 1999). 
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Another UK study (Marine Conservation Society, 2000) on coastal and beach litter 
found that over 60 per cent of all that litter was plastic. Over 1000 items of plastic 
were found per km beach surveyed, a total of 108300 plastic items. Impacts on local 
amenities from littering can be mitigated by L/RAs, within a general antilitter policy 
or even a specific plastics waste management policy. 
Corsica 
In September 2002, the Territorial Community of Corsica (CTC) began to consider 
banning plastic shopping bags. Fifty million such bags are used on the island each 
year, and the CTC has deemed them an environmental nuisance - whether incinerated 
or landfilled - and are physically hazardous to marine fauna when thrown into the sea. 
Those negative aspects (real and perceived) are unhelpful for an island for which 
tourism is a vital sector of the economy. 
Ancona 
In the Italian province of Ancona, tourism is an important economic activity. The 
Provincial authorities found it necessary to take action against visual contamination 
due to the uncontrolled disposal of plastics and other wastes. In order to reduce the 
scale of this problem, the Province built into its waste plan the objective to collect 
selectively 3200 t of plastic packaging for 2004, significantly more than the 1435 t 
collected during 2001. 
Ireland 
In Ireland, 1.2 billion plastic bags were typically used each year, an annual average of 
more than 300 bags per inhabitant. Those bags were claimed to create a visual impact 
and to obstruct drains. Since 2002, a fee of € 0.15 was imposed in order to promote 
the use of reusable shopping carriers. Within three months, the use of disposable 
plastic shopping bags had fallen by more than 90 per cent and generated an income of 
€ 3.5 million. 
Legal obligations 
A well established legal framework governing many aspects of waste management 
and environment protection provides a powerful driving force to use resources more 
sustainably and to increase recycling. The European Union directive on Packaging 
and Packaging Waste (94/62/EC) is a pertinent example of this effect. As a result, all 
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EU member states have national systems to collect, recycle and recover packaging 
wastes. In order to reduce the environmental impacts of growing waste streams, the 
European legislature has introduced a number of obligations on certain waste 
products, which must be respected by all the member states. Those Directives that 
incorporate aspects relating to waste plastics include: 
• packaging and packaging waste directive (94/62/EC); 
• end-of-life vehicles directive (2000/53/EC); 
• waste electrical and electronic equipment directive (2002/96/EC); 
• landfill directive (99/31/EC). 
6.2.2 Saturation of Traditional Waste Disposal Facilities 
6.2.2.1 Landfills 
Constraining factors in landfilling plastics (apart from issues of longevity) concern 
the volume of space that plastics occupy in relation to their weight. Plastic bottles are 
estimated to occupy twice as much space in landfill than mixed waste. Legislative 
pressure directed at landfill practices and economic incentives to divert waste from 
landfill aims to aid the management of existing and future landfill  capacity.  
6.2.2.2 Incinerators 
Plastics are the most significant contributors to the energy content -calorific value- of 
MSW. Most waste plastics have a high calorific value (CV) -at about 40 MJ/kg- 
similar to fuel oil (see Table 6.3): 
Table 6.3: Typical Calorific Values 
  
A 2002 UK Cabinet Office study estimated that acceptance of new incinerator 
“appears….to is conditional upon several requirements…” including:  
• that it is part of a recycling-led strategy where everything that can be recycled 
has been recycled; 
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• that certain materials are separated out and not directly incinerated (for 
example plastics) (Cabinet Office - September 2002). 
Some useful statistics: 
• 360 million plastic bottles were recycled in 2002; 
• 3% of household plastic bottles are currently recycled;  
• 9.1 billion plastic bottles were disposed of in 2002; 
• plastic bottle recycling schemes currently operate in 238 local authority areas; 
• 1 tone = 20000 plastic bottles; 
• 18000 tones of bottles recycled in the UK in 2002 saved approximately 18 
million kWh of energy; 
• there are approximately 500 bottles in a typical bale; 
• the majority of plastic bottles are made from PET or HDPE; 
• recycling a single plastic bottle can conserve enough energy to light a 60W 
light bulb for up to 6 hours; 
• the average sales value of sorted baled bottles (PET & HDPE) over the last 5 
year period has been £ 123/tonne; 
• 330608 tones of plastics packaging waste were recycled in 2002 (DEFRA); 
• 11% of household waste is plastic, 40% of which if plastic bottles; 
• during 2002 plastic bottles worth around £ 27 million were disposed of at a 
cost of £ 45 million; 
• preprocessor demand for plastics outstrips supply 3 times over; 
• high performing curbside collection schemes typically generate 5-10kg plastic 
bottles per household per year; 
• 25 recycled PET bottles can be used to make an adult's fleece jacket; 
• up to 40% less fuel is used to transport drinks in plastic bottles compared to 
glass bottles; 
• plastic packaging uses only around 2% of all crude oil produced. 






6.3 Environmental Aspects 
Recycling waste plastics can be helpful for L/RAs wishing to make local 
environmental improvements, locally, regionally, nationally and globally through: 
avoiding wastage of resources reducing the need for new waste disposal facilities 
limiting greenhouse gases emissions. Plastic manufacturing, which largely uses crude 
oil as the raw material, is estimated by industry to account for four per cent of the 
global consumption of crude oil. For every kilogram of plastic that is produced, 
roughly two kilograms of oil are needed. However, the resulting product (because of 
its lightweight, insulating and protective properties) can often save more oil - through 
reduced transport and energy use processes - than is required in its manufacture. By 
replacing crude oil in plastics manufacture with recycled, raw material consumption 
decreases, whilst the efficiency of plastic at ‘end-of-life’ increases. 
However, the main benefit of plastics recycling rests in the savings associated with 
primary energy consumption. Polymer production accounts for the largest proportion 
resource use in plastic product manufacture, ranging from between 72–91% of total 
energy consumption, depending on the polymer (considering HDPE, LDPE, PET, 
PVC and PP) (I. Boustead, 1997). This compares with process energy usage of 
between 6 - 20 per cent, dependant on the product being manufactured (i.e. bottles, 
pipes or films). 
By contrast, the process energy necessary to produce recycled PET flakes can be 
reduced to 62-92 per cent of the energy required to produce virgin resin (Life Cycle 
Assessment - LCA and the PET Bottle, V. Matthews 1998, Referenced in). 
 Similarly, reported energy savings of ~38 per cent can be achieved by processing 
LDPE films into granulate and 77 per cent process energy savings made by 
reprocessing rigid HDPE bottles, compared to the production of virgin material (M. 
Henstock, 1992) (T. Deurloo, 1990), (F. Mcdougall,,et al 2001) . 
Oil and gas are converted into monomers (e.g. ethylene). The successive steps in 
production (of e.g. polyethylene PE), are very energy-intensive, requiring both high 
temperatures and refrigeration. Ethylene consumes around 20 megajoules per kg of 
ethylene. 
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If the entire production process is taken into account from the extraction of raw 
material from the earth to the end product, the energy use is between 60 and 120 GJ/t 
for the different plastic types (see table 6.4) (I. Boustead, 1999): 
Table 6.4: Energy Use for Polymer Production in Europe 
 
 
Figure 6.3: Energy Savings from Waste Plastics Management Options 
6.3.1 Reducing the Need for New Waste Disposal Facilities 
The best form of waste management is waste prevention. However, for wastes which 
are created, there is a more or less agreed hierarchy of management options. In 
general terms it is expected that material recycling and re-use should be considered 
before energy recovery. Increased attention to the higher choices will inevitably 





6.3.2 Limiting Greenhouse Gases Emissions 
When compared with the processes of producing virgin resins, recycling processes 
produce less A-study for the European Commission provides some figures for these 
savings. Other environmental arguments and conditions to reach environmentally 
sound recycling are developed in the review of LCAs (A. Smith et al. - July 2001 
Source: Kernow,May 2002). 
 
Figure 6.4: CO2 Emissions for Virgin and Recycled HDPE 
6.4 Economic Aspects 
6.4.1 The Costs of Recycling 
Recycling costs money and there are four main activities through which these costs 
are incurred: 
• selective collection and sorting; 
• transport; 
• processing, including pre-treatment; 
• disposal of rejects from sorting. 
However, recycling can also generate revenues from the sale of the collected material 
and savings through avoided disposal costs and it is balance between costs and 
revenue that determines the economic cost-benefits of a scheme. 
A TNO report, commissioned by APME, identified a number of specific plastic flows 
that under current practices are profitable or need only partial support. These included: 
• distribution and commercial films and crates; 
• PET and HDPE bottles; 
• EPS packaging; 
• PVC pipes and windows; 
• agricultural films; 
• automotive bumpers. 
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This situation however, only reflects current practice; those flows that are not seen to 
be profitable at the moment may well be so in the future as new sorting and 
processing technologies emerge. 
General Trends in Collection and Processing Costs 
While it is beyond the scope of this study to collate and analyze costs of all the 
various options of waste plastics management, it is interesting to consider the likely 
evolution of costs and revenues in the future. 
Selective Collection Costs 
The cost of selective collection systems currently ranges from between € 50/t (PVC 
windows) to €800/t (EPS). Improvements in the performance of selective collection 
schemes will enable the costs of these systems to decrease. However, cost differences 
between schemes (kerbside collection, neighborhood containers and container parks) 
and the containment methods will still exist. 
Sorting Costs 
These currently range from € 50/t to around € 200/t (HDPE bottles). Similarly to 
collection costs, improvements in current technologies, and development in new 
automated technologies will decrease costs. It is estimated by the DSD for example, 
that the SORTEC Technology will reduce sorting cost by around 30 per cent in the 
coming years. 
Transportation Costs 
These are highly dependant on local conditions, but are quoted at around € 27 – 45/t. 
It is likely that transportation costs will increase in the future, although the increased 
use of compaction vehicles may help stabilize these costs. 
Pre-treatment and Recycling Costs 
These are very much application-dependant. 
Disposal of Rejects 
Currently estimated at around € 10-220/t the cost of disposing of rejects is likely to 
increase as landfill and incineration taxes increase. However, as collection, sorting 
and processing technologies become more efficient, it would be expected that the 
quantity of reject material decreases. 
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Revenues from Sorted Plastics 
Revenues generated from sorted plastics are dependant on the balance between costs, 
the price of recycled plastics and the avoided costs of disposal. This can range from 
between € 150/t to – € 60/t (i.e. a loss). While the amount of revenue generated is 
dependant on the wastes targeted and the collection and processing methods used, it is 
also influenced by the market price of recycled plastic and that of virgin plastic. This 
varies with the oil market price, which has dramatically increased in recent years.  
Avoided Disposal Costs 
The current costs of avoided waste disposal, which ranges between € 10–220/t, are 
highly dependant on the levels of national as well as European taxation. Avoided 
disposal costs of between € 10-220/t can be expected and these are likely to increase 
with progress towards landfill and incineration directive targets. 
In conclusion, plastic recycling costs can range between € 100-1600/t, yet savings and 
revenues can reduce this by € 50–370 /t. The balance between costs and revenue is 
dependant on the waste streams targeted and the methods of collection and processing 
employed. 
Costing Case Studies 
It is difficult to evaluate and compare the costs of recycling between countries 
because recycling systems need to reflect local and national circumstances and these 
may not be directly comparable. In addition, published data is often issued alongside 
a number of caveats or is accompanied with little detail on the activities encompassed 
by the figures. Given this, a number of case studies are presented for different waste 
plastics, detailing the costs involved on a local and national scale for collection, 
sorting and processing activities. These do not provide a guide of the costs that can be 
expected on a universal scale as each scheme must be developed to reflect local and 
regional conditions. However, they may provide an insight as to where the main costs 
in collecting these wastes will arise. 
Plastic Bottles 
PET and HDPE are the primary targeted polymers of plastic bottle collection schemes. 




Table 6.5: Cost of Activities 
 
Collection costs remain a function of the types of schemes involved, the materials 
targeted and the collection frequency. Sorting costs however will decrease as new 
technologies emerge (APME, September 1996, Taylor Nelson, March 2002). 
Agricultural Films 
Agricultural films are a seasonal waste flow and collection systems need to reflect 
this seasonal supply and collection points can be temporary sites. The Plastretur 
system in Norway is supplemented by fees paid by the producers of agricultural films; 
amounting to around € 210/ tone, which is set to reflect the balance between the costs 
of collection and recycling. In the Plastretur system, the greatest costs concern the 
processing of collected material, reflecting the washing and residual disposal 
activities necessary to remove contaminants, which can be considerable: 
Table 6.6: Cost of Activities 
 
PVC Pipes 
The pipe recycling scheme organized by FKS in The Netherlands is based on a 
neighborhood and container park collection system. PVC pipes are accepted along 
with PE and PP and therefore processing costs includes the manual sorting of the 
polymer and large contaminant removal: 
 
Table 6.7: Cost of Activities 
 
Processing costs are considered to be the most expensive part the recycling process, 
although micronisation processes (estimated at € 150/t) are included in this figure. 
There are considerable tonnages of PVC in applications that have yet to reach end of 
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life and technological developments is likely to reduce the processing costs of these 
products. This is application-dependant. For some, collection and sorting costs can be 
much higher than the actual processing costs. 
Distribution and Commercial Films 
Commercial and distribution films are typically sourced from large retailing and 
industrial outlets, which provide large quantities of relatively clean, homogenous 
waste and therefore make collections and sorting costs less expensive than collecting 
form a diffuse source, multi-polymer/ product sources: 
Table 6.8: Cost of Activities 
 
EPS  
EPS has a bulk density of between 10 – 80 kg/m3. The high volume and low weight 
nature of this waste has a significant impact on the overall costs of EPS recycling, 
through high collection and transportation costs: 
Table 6.9: Cost of Activities 
 
Only clean EPS is usually requested and simple processing techniques are used to 
produce a granular, EPS product; processing costs of € 100 have been reported. The 
cost range detailed, € 300 – 1,700 is not typical of L/RA collection systems. It also 
reflects private collection initiatives which may have to establish independent 
collection systems; however, the overall cost of the system is highly influenced by the 
collection method employed. 
Land filling or incineration costs or tax 
In an open economy, the cost of the different ways of disposal has a considerable 
impact on the decision to recycle those wastes for which the sale of the sorted 
materials does not cover the cost of collection and sorting. The costs of land filling 
and incineration have increased in recent years as new obligations have been 
introduced, i.e. the adoption of the landfill and incineration Directives. 
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6.4.2 Creating Employment 
Recycling can be an opportunity to create local jobs in collection, sorting, 
communications, administration and reprocessing. The reprocessing can be 
undertaken locally, regionally or beyond, and consequently the positive economic 
aspects of increased employment can be local or dispersed further a field. Job creation 
obviously brings many positive social effects. 
6.4.3 Reducing Waste Treatment Costs 
Waste plastics recycling can help reduce waste treatment costs in two ways. During 
the last ten years, European obligations to control the environmental impacts of waste 
incinerators (Directive 2000/76/CE) and landfills (Directive 1999/31/CE) have led to 
an increase in the costs of these waste management options. These costs will increase 
as tighter controls are introduced and as taxes on landfill (and incineration) escalate, 
further stimulating recycling. 
This is not to say that plastics recycling will remove the need for incineration or other 
forms of energy recovery. These technologies will inevitably be required for the 
fraction of plastics that cannot be recycled. 
The province of Namur in Belgium collects agricultural films through a voluntary 
drop-off system. The province must pay recyclers € 60/t for washing and grinding the 
collected films. 
This compares with the average cost of the incineration in Belgium of € 83/t. 
(considering HDPE, LDPE, PET, PVC and PP) (Eco-profiles of the European Plastics 
Industry Report). 
6.5 Plastics Consumption in Europe by Activity Sector 
Plastics consumption varies strongly from one European country to another (see 
Figure 5, below). With per capita consumption at 127 kg/inch/y, the average Belgian 
consumes more than three times more than a Greek (38 kg/inch/y). However, within 
the same country, regional differences are also observed. For example in Spain, this 
plasticulture is highly developed in Andalusia, but not in the north of Spain. 
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Figure 6.5: Plastics Consumption in Europe (APME, 2003). 
The proportion of post-user recycled plastic in production also varies strongly from a 
country to another. Plastic transformers in Greece use 0.3 per cent post-user recycled 
materials, while in The Netherlands they use 11.4 per cent. The EU 2000 average was 
3.6 per cent. 
Figure 6.6 presents the European consumption by application. Packaging is the main 
application for plastics, with more than one third of the total used for these purposes 
(38.1 per cent, 14.5 Mt). Earlier data from APME20 suggests that around 73 per cent 
ends up at the household whilst the remaining 27 per cent is used as distribution 
packaging in industry. Packaging applications are usually short-lived with the 
exception of packaging which is designed to be reused, such as pallets, crates and 
drums. 
When adjusted for imports and exports, average consumption of plastics in Europe is 
91 kg/inch/y (2000). 
 
Figure 6.6: Total Consumption of Plastic by Sectors 
Domestic and building applications use similar quantities of plastics, 20 and 18 
kg/inch/y, respectively. The types of plastics encountered in building applications are 
relatively restricted, while domestic products contain a wide variety of plastics.  
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Electrical and electronic equipment (E&EE) applications, with plastics consumption 
of 6.5 kg/inch/y, have a lifespan typically up to 15 years. Many composite elements 
(multi-material) are found in this sector, so dismantling and recycling is a new 
challenge for many. 
Similar quantities (6.5 kg/inch/y) are used for automotives. The plastics present in 
vehicles need to be separated from the rest. As for E&EE, new techniques are being 
developed, in order to fulfill the EU directive on ELVs. 
Agriculture, with an average plastics consumption of 3 kg/inch/y appears as the least 
important application. However, this sector uses products with typically short (or 
medium) term life spans, such as films or packaging. There are very wide variations 
in consumption between different regions and countries in Europe (for example, the 
use of plastic sheeting in greenhouses in the Spanish region of Andalusia). These 
situations can involve sufficient material flows to justify producer responsibility 
schemes (Taylor Nelson, March 2002). 
Consumption of Plastics by Resin Type 
It is reasonable to assume that the most common plastics resins are also the most 
common waste plastics. More than 60 per cent of the consumed plastics are made of 
these polymers: 
• LDPE: 19 per cent; 
• PP: 15 per cent; 
• PVC: 14 per cent; 
• HDPE: 13 per cent. 
Table 6.10: Consumption of Plastic by Resin (Taylor Nelson March 2002). 
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APME reports that in 2002, 10.3 Mt (27 kg/inch) of thermosets were consumed in 
Western Europe. In 2002, APME also reported that 37.4. Most of thermoplastics were 
consumed in Western Europe, of which around 86% was utilized in plastics 
applications. The proportions of the different types of the consumed thermoplastics 
are: 
Table 6.11: Consumption of Thermosets in Western Europe 
 
(APME, spring 2002). 
Table 6.12: Consumption of Thermoplastics in Western Europe 
 
 (APME, Summer 2003). 
6.6 Waste Plastics Generation and Management in Europe 
 
Figure 6.7: Waste Plastics Generation by Activity 
Quantities of waste plastics from E&EE and ELVs are similar (2 kg/inch/y). The 






Table 6.13: Total Consumption & Recovery of Plastics by End-use Sector (x1, 000 
tones) 
 
(APME Spring 2002). 
This variation can also be seen in the management of waste plastics between 
European countries. Plastic recycling (including feedstock recycling in Austria and 
Germany) varies between ~2 per cent in Greece to ~29 per cent in Germany whilst 
energy recovery practices range between ~6 per cent in the UK to ~75 per cent in 
Denmark. It is estimated however, that of the amount of waste plastics available to 
collect (~19.5 Mt in 2000), 12.4 Mt (EU-15 countries) was disposed to landfill or sent 
to incineration (without energy recovery) equivalent to 66 per cent of collectable 
plastics. 
Table 6.14: Total Waste Plastics Management in Western Europe 2001 
 




Waste Plastics Generation by Resin Type 
According to the figures above, in 2000, 45 kg of plastics by inhabitant were 
accumulated in the human environment. Typical short-lifespan applications are 
packaging and some films applications. Typical medium- lifespan applications are 
electric and electronic goods, some building applications (roofing, roller-shutter, and 
flooring) and vehicles, while the typical long-lifespan applications are building and 
public works applications like the window frames, the pipes and the electrical wires. 
Table 6.15: Waste Plastics Generation by Resin Type 
 
EPS is the expended form of the PS. The chemical composition is the same but the 
form is very different (Taylor Nelson, 2002). 
6.7 State of Plastic Recycling 
Plastic recycling has become an established national industry. The number of 
companies handling and reclaiming post-consumer plastics in 1999 (1677) was nearly 
six times greater than in 1986 (310). The industry will face continuing tests in the 
near future. 
6.7.1 Plastic Recycling Statistics  
2004 National Post-Consumer Plastics Recycling Report  
Capacity to process material, and the market demand for the recovered plastic resin, 
both currently exceed the amount of post-consumer bottles that are now recovered 
from the waste stream. In 1999, over 750000 tons of plastic bottles were recycled. 
Each year the amount of plastic bottles recycled increases by millions of pounds 
while the recycling rate has stabilized around 23%. Volume increases while the rate 
 114 
remains static due to a result of the continuing rapid increases in the number of plastic 
bottles used to package an ever-increasing variety of products. 
Markets for recycled plastic are stable in most areas and expanding in many others. 
The American Plastics Council's recently updated Recycled Plastics Products Source 
Book lists over 1,300 plastic products with recycled content. The primary market for 
recycled PET bottles continues to be fiber for carpet and textiles, while the primary 
market for recycled HDPE is bottles. 
Development of new end uses for recycled PET bottles (like coating for corrugated 
paper and other natural fibers to make waterproof products like shipping containers) 
will fuel the demand for more post-consumer plastics in the future. For HDPE, a 
similar situation exists for recycled-content landscape and garden products, including 
everything from lawn chairs to garden edging. 
Essentially all of the major communities, serving 63% of the population, include PET 
and HDPE plastic bottles in their collection programs and 95% of plastic bottles are 
manufactured from PET and HDPE resins. Ten years ago, hundreds of communities 
were launching new programs each year and the amount of material collected 
increased dramatically. Today's infrastructure is more established so the amount of 
materials being collected is increasing at a much slower rate: there was a 4% increase 
in the pounds of plastic collected in 1999 compared to 1998. 
Many manufacturers of grocery products (i.e. beer, mayonnaise, and applesauce 
bottles) are adding plastic packaging as an option. New applications for plastic 
packaging are growing so fast that it has caused the supply-demand dynamics for the 
raw material to get out of balance. 
The cost-effective recycling of new packages will require renewed education for 
households, recyclables collectors, the Materials Recovery Facilities and handlers 
sorting plastic, and the processors. The end result will be a more dynamic industry 





6.8 Plastic Recycling Facts 
6.8.1 The Recycling Infrastructure  
The plastics recycling infrastructure includes 2015 companies; 1,677 processing post-
consumer plastics, 207 processing post-industrial plastics and 131 brokers and 
exporters. 
Since 1990, the number of processing facilities in the post-consumer plastics 
recycling industry has grown by 81 percent, from 923 facilities in 1990 to 1,677 
facilities in 1999. Of the 1,677 post-consumer plastics recycling facilities, 1,295 
facilities are consolidation facilities (primarily sort and bale) while 382 facilities are 
preprocessors (grind, wash, pelletize). Of the 382 post-consumer plastic reclamation 
facilities, 265 facilities are vertically integrated into product manufacturing.  
There are 74 post-consumer plastics recycling companies that focus on plastic bottle 
recycling. Twenty of these companies recycle PET bottles and fifty-eight companies 
recycle HDPE bottles. Four of the companies’ process both resins (R.W. Beck, Inc., 
September, 1999). 
6.8.2 Ban of land filling and/or incineration 
The landfill and incineration directives impose controls on the amounts of waste that 
can be disposed through traditional measures. Some countries have however also 
introduced bans on waste disposal through traditional methods. By the introduction of 
such a ban waste generators are obliged find alternative ways to manage there waste, 
i.e. through reuse or recycling. However, it is difficult to apply and control such 
restrictions for household waste and these limitations are usually only applied for 
commercial and industrial wastes. 
France 
In France, The only recovery options are reuse, material recovery (recycling) and 
energy recovery. Land filling and incineration without energy recovery is prohibited, 
except for treated wastes. 
The “Departmental Plan of Household and Assimilated Waste Elimination” from the 
Department of Aveyron in 2001 established several objectives concerning the 
collection of the waste plastics. For household waste, a target for the collection of 5 
kg of plastics/inch/year has been set, from which 4.3 kg/inch/year must be recovered. 
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The preferential way of recovery must be recycling. For bulky waste, the Plan 
recommends reuse, repair or recovery.  
The Netherlands 
In order to reduce this huge amount of waste, the Dutch government introduced, in 
April 1997, a landfill ban on reusable or burnable C&D waste. The objective of this 
ban is to promote material separation and to maintain the materials into the C&D 
cycle. This ban includes PVC and PE films. Two factors weaken the enforcement of 
this ban. Firstly, residues can be land filled if they contain less than 12 per cent of 
recyclable materials. Secondly, since the Provinces define the landfill charges and 
control the landfills, there are differences between the provinces in how the landfill 
ban is enforced. However, as result of this ban, alongside other measures, 90 per cent 
of C&D waste is recycled in the Netherlands. 
Germany 
Mixed construction and demolition waste may not be land filled after 2005. 
Obligatory environmental or planning measures the waste plans are obligatory in all 
the EU countries. They permit the integration of legal obligations but they can also 
includes their own objectives, such as the implementation of specific collection 
schemes for certain type of waste plastics, recycling goals, prevention policies for 
defined sectors, etc… 
Ordinance on the Management of Municipal Wastes of Commercial Origin and 
Certain Construction and Demolition Waste (19/6/02) (From “Background paper – 
Environmentally sound recovery of municipal wastes of commercial origin and 
Certain Construction and Demolition 74Wastes” - German EPA. This is piece of 
national legislation that has a direct influence on waste plastics. The Ordinance 
applies to producers and holders of municipal wastes of commercial origin and of 
certain construction and demolition waste, and to operators of pre-treatment facilities 
in which those wastes are treated. 
6.9 Use of recycled plastic 
There is a wide range of products made from recycled plastic. This includes 
polyethylene bin liners and carrier bags; PVC sewer pipes, flooring and window 
frames; building insulation board; video and compact disc cassette cases; fencing and 
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garden furniture; water butts, garden sheds and composters; seed trays; anoraks and 
fleeces; fibre filling for sleeping bags and duvets; and a variety of office accessories. 
Despite the wide range of recycled plastics applications, the actual tonnage of waste 
plastic which is returned to the material cycle is relatively small. Currently, recycled 
plastics are rarely used in food packaging - the biggest single market for plastics - 
because of concerns about food safety. A method of addressing this problem is by 
enclosing the recycled plastic between layers of virgin plastic to ensure the packaging 
conforms to hygiene standards. These multi-layered containers are now being used in 
some drinks bottles, but recycling cannot eliminate the colors from plastics so they 
cannot be used in transparent or light colored applications. 
Another constraint on the use of recycled plastics is that, to be economically viable, 
plastic processors require large quantities of recycled plastics, manufactured to tightly 
controlled specification at a competitive price in comparison to that of virgin polymer. 
This is a challenging task, particularly in view of the diversity of sources of waste 
plastics, the wide range of polymers used and the high potential for contamination of 
plastics waste. 
Another way to use recycled plastic is road construction. An asphalt concrete or 
paving material includes from 5 to 20 percent or more of granular recycled plastic, 
which supplements or replaces the rock aggregate component of the mixture. The 
material produces a structurally superior paving material and longer lived roadbed. 
The paving material includes any and all residual classes of recyclable plastic, 
including thermosetting plastics and other plastics having little to no current 
widespread utility. The material produces roadbeds of higher strength with less total 
asphalt thickness and having greater water impermeability, and is most useful for all 
layers below the surface layer. The recyclable plastic component of the material is 
preferably a mixture of all recyclable classes 3 through 7, or of those materials from 
such classes from which potentially more valuable recyclable materials have been 
selectively removed. The paving product is preferably formed by a process of 
shredding or mechanically granulating used and industrial waste plastic to a no. 4 to 
1/2’’ sieve size, and preferably to 1/4’’ inch to 3/8’’ granules. The granules are then 
treated with a reducing flame, with a plasma flame process, to activate the surface of 
the granules and increase the surface tension without raising the temperature of the 
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plastic. The activated treated granules are then added to the aggregate and mixed with 
the asphalt to produce the paving material (S. L. Kaplan, et al. 1988). 
Recycled plastics corresponding to classes 1 and 2, and sometimes classes 4, 5 and 6, 
have been sorted from the general mass of recycled material or separately collected, 
all at increased cost. Bulk mixtures of recycled plastics from more than one of the 
PCCS classes, are particularly materials from class 7 and from class 3 when mixed 
with material from other classes, generally have been regarded as lacking utility and 
are accordingly routed to landfills. Such materials have lacked an alternative use or 
manner of disposition. The employment of plastics in asphalt mixes has presented 
various problems. Many of the plastic additives have lacked an ability to bond to or 
combine with the asphalt binders of the mix. Chemical treatments have been 
proposed, but such treatments have been ineffective, add to the cost, and introduce 
additional noxious and toxic substances into the process, aggravating the waste 
disposal problems. Accordingly, there remains a need for a low cost manner of 
enhancing the properties of paving material and there remains a need for a use of 
residual plastic waste, particularly unclassified or unseparated materials or materials 
of mixed classes. 
6.10 How to promote and support the development of supply of and demand 
for recycled plastics? 
The development of markets for any recycled material is often stimulated by a 
number of factors, including industry initiatives and policy drivers, rather than by an 
inherent need for the recycled itself. This includes supporting scheme awareness 
campaigns with education and technical/ market data on local, regional and national 
recycling activities. 
In addition to conventional communications through advertising, leafleting and road 
shows, there are a number of opportunities through which L/RAs can promote and 
develop local plastic recycling markets: 
• develop partnerships with the Private Sector; 
• promote waste exchanges and market places for plastics; 
• introduce exhibitions for recycled product manufacturers; 
• development of a green procurement policy: “Do-as-I-do”; 
• partnership with the private sector. 
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Issues affecting the recycling of waste plastics are: 
• The broad variety of different types of plastics; 
• collection, sorting and contamination; 
• quality of the sorted fraction; 
• composite goods; 
• the need for a critical mass; 




7 SPECIAL CASES 
7.1 Utilization of Recycled Polyethylene in the Preparation of Stabilized, 
High Performance Modified Asphalt Binders  
This search proposes unique and proprietary combination of a polyethylene and an 
elastomer for the modification of paving asphalts in order to minimize low 
temperature cracking and reduce rutting at elevated seasonal temperatures under 
heavy loads. A key objective of the research was to demonstrate the effectiveness of 
recycle polyethylene (PE) as a material for the modification of paving asphalts. The 
result indicates that the technology has the potential to create a sustainable 
downstream market for the safe diversion of large amounts of low grade post 
consumer polyethylene. Minor contaminants and mixed coloration of these waste 
materials pose difficulties for many potential applications but show no significant 
adverse effects on the quality of the modified asphalts. In addition to creating an 
important outlet for waste plastics, substantial material cost saving are possible over 
virgin polyethylene. 
The low temperature fracture toughness of several asphalts modified with different 
grades of PE was improved at temperatures near -20°C when compared to that of 
unmodified asphalt and polymer modified asphalt. These same compositions also 
exhibited greater stiffness and elasticity at elevated temperatures near 60°C. 
It is well known that the additional of certain polymer to asphalt binders can improve 
the performance of paved roads. PE has been found to be one of the most effective 
polymer additives by virtue of its low glass transition temperature and crystalline 
structure. It is also the least expensive due to an abundant supply of waste or 
recycled PE. However simple mixtures of molten polyethylene and asphalt were 
found to be unstable during storage and transport and would rapidly coalesce and 
separate into layers unless continuously stirred. This disadvantage has limited the 
commercial use of polyethylene modified asphalt binders in pavements. Therefore, 
an objective of this research was to develop a polyethylene-modified asphalt which 
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could remind permanently stable at elevated temperatures and would not phase 
separate of change its viscosity during long term storage. 
It has been demonstrated in paving trials that asphalt concretes which employ 
polyethylene modified binders are more resistant to rutting during elevated seasonal 
temperatures. The low temperature fracture toughness of several asphalts modified 
with different types of polyethylene was evaluated at temperatures near -20°C and 
compared to the corresponding unmodified asphalts. The viscoelastic properties were 
measured at 60°C with a shear rheomether in order to predict elevated temperature 
performance. Selected samples of these new stabilized PE modified binders were also 
compared with unmodified asphalt for mix design and low temperature performance 
characteristics. 
7.1.1 Materials  
Ishtmasmaya (Ishtm) and Lloydminister (Lloydm) asphalt binders were selected for 
performance evaluations at low temperatures. The Ishtm binder (85/100) is residual 
Mexican bitumen obtained from petro-canada. For mix design test and high 
temperature evaluations of binder performance, Lyoydm asphalt (85/100 and 150/200 
penetration) were also selected. The physical properties of this asphalt are presented 
in Table 7.1: 
Table 7.1: Properties of Base Asphalt 
 
Virgin and several types of virgin and recycled polyethylene material were examined 










Table 7.2: Polyethylene Additives 
 
The stabilized polyethylene modified asphalts were prepared in one liter heated 
reactor vessel using a high shear mixer. The various formulations are summarized in 
Table 7.3: 
Table 7.3: Polymer Modified Asphalts 
 
Typical properties of two stabilized polyethylene modified asphalt binders are shown 
in Table 7.4. These samples were selected as being representative of the min (PMB-1) 
and maximum (PMB-2) levels of polymer modification: 







The low temperature viscous flow behavior of the asphalt binders was evaluated 
according to the ASTM 695 compression test. The compression test was also more 
sensitive to the transition temperature from plastic to brittle behavior crosshead speed. 
Performance of the modified binders at elevated temperatures near the softening point 
was determined with a dynamic shear rheometer using a cone and plate geometry. 
7.1.3 Result 
Figure 1, shows polyethylene modified binders prepared using three different recycle 
polyethylene (Table 7.2) in a Lloyd 85/100 base asphalt. Apart from minor 
morphological variations resulting from the level of impurities, fillers and other 
polymers (R-PMB-3) these modified binders showed no appreciable difference in 
morphology or stability from binders prepared using virgin PE. 
Comparison of the stabilized PE-modified asphalt with the controls in Figure 1 shows 
a pronounced increase in both yield strength and failure strain under these severe 
conditions: 
 
Figure 7.1: Comparative Morphology of Stabilized Binders Using Different 
Recycled PE 
Figures 7.1 reveal the low temperature performance of several stabilized PE modified 
asphalt compared to a commercial styrene/butadiene rubber modified binder. The 
recycled polyethylene material was virtually equivalent in effectiveness when 
compare to virgin polyethylene (PMB-5) for enhancing the low temperature 
performance of asphalt: 
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Figure 7.2: Yield Strength of Modified Asphalt Binders at -20°C 
 
Figure 7.3: Failure Strain of Modified Asphalt Binders at -20°C 
The recycle LLDPE contained pigments and fillers such as titanium dioxide, calcium 
carbonate and carbon black. These organic materials do not appear to have a major 
effect on the yield strength properties; however failure strain is below that of the other 
PE modified binders. The polyethylene in sample designated contamination does not 
appear to have influenced the results. While research to date has been conducted 
primarily with polyethylene material, the recycled diaper waste (R-PMB-3) appears 
equally effective despite the presence of approximately 40% (by wt) polyethylene.  
The improved low temperature yield performance of the stabilized polyethylene 
modified binders is thought to be a result of synergistic benefits between the PE core 
and elastomeric steric layer. Polyethylene has a much lower glass transition 
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temperature than the asphalt matrix in which it is dispersed as does the elastomeric 
stabilizer. 
7.1.4 High Temperature Performance  
Thermal stability of the modified asphalt binders was examined with a Bohlin 
dynamic shear rheometer at a temperature of 60°C, typically the maximum service 
temperature of asphalt roads. 
Figure 4 compares the elastic storage modulus (G) of two stabilized PE modified 
binders (PBM-2 and PBM-3) with the parent asphalt control and a commercial SB 
rubber modified asphalt, across a broad range of frequencies approximating normal 
traffic conditions. Both stabilized PE modified binders exhibited a greater storage 
modulus compared to the asphalt control: 
 
Figure 7.4: Storage Modulus 
The complex dynamic viscosity of the same four binders is shown Figure 5 as a 
function of frequency at 60°C. The dynamic viscosity provides an indication of flow 
behavior. It is evident from Figure 5 that stabilized PE asphalt have a greater 
viscosity than the corresponding unmodified control at this temperature, which should 
result in enhanced ability to resist permanent deformation. The SB rubber modified 
asphalt appears more sensitive to frequency than the polyethylene systems: 
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Figure 7.5: Dynamic Viscosity versus Frequency at 60°C 
7.1.5 Mix design and performance 
The Marshall test results for a mix prepared with stabilized PE asphalt binder (PMB-4 
with 150/200) are summarized mix (85/100) provided assurance that the stabilized PE 
modified binder is similar in process ability and behavior.  
The low temperature performances of the mixes constructed with the modified 
binders are shown in Figure 7. The polyethylene modified mixes should have greater 
toughness and durability in service. These results on the asphalt concrete mixes are 
consistent with the observed behavior of the corresponding binders. 
Two types of LDPE were considered in the study. Both were sampled from the same 
RDP production plant but are characterized by different shape and density depending 
upon the specific transformation process from which they originate. In fact, the one 
available in fibre form (denominated LDPE-f) has a density, equal to 1.724 g/cm3, 
which is almost double than that of the LDPE available in granules (LDPE-g), equal 
to 0.946 g/cm3. The two products share the same melting point, comprised between 
115 and 120°C, and the same melt flow index, in the range of 0.2-0.5 g/10’ as 
evaluated by ASTM test procedure D1238. 
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Figure 7.6: Marshall Mix-Design Results 
Table 7.5: Marshall Test Results 
 
 







7.2 Assessing the Effects of Refuse Derived Plastics Used as Additives in 
Bituminous Mixtures (E. Santagata, M. Bassani,  Department of Hydraulics, 
Transportation and Civil Infrastructures, Politecnico di Torino, Torino, ITALY) 
Materials of the non-standard type, also referred to as alternative materials, are 
increasingly being used in road construction within the various strategies which are 
adopted in order to simultaneously reduce costs, maximize performance and increase 
sustainability. Among these materials, special consideration should be given to those 
which incorporate Refuse Derived Plastics (RDP), obtained from civil and industrial 
solid waste by means of differential collection and subsequent processing. In fact, 
their use may not only reduce costs associated to landfill incorporation, but may also 
produce positive effects due to their specific physical properties and to their 
interaction with other materials. 
Two types of LDPE, which differ in density and shape, were considered in the study. 
They were added in various percentages to single base bitumen and the resulting 
binders were thereafter used for the preparation of bituminous mixtures for binder 
courses. In the experimental investigation a combination of standard empirical tests 
and more fundamental and/or simulative methods was used for the characterization of 
the binders and mixtures. The obtained results show that by means of an appropriate 
selection of RDP type and dosage it is possible to design materials with an expected 
field performance which is superior to conventional ones. 
7.2.1 Experimental Investigation 
7.2.1.1 Refuse derived plastics (RDP) 
Most of recycled LDPE derives from the recovery of packaging material but a non 
negligible quantity is also obtained from tarpaulins used in the agricultural sector. 
Almost all recyclers do not carry out the whole transformation process, but generally 
arrive to a semi-finished granular product, constituted by quasi-spherical elements a 
few millimeters in diameter, which can be employed for various purposes in a number 
of industrial processes. Typical applications are those which entail the production of 
materials for packaging, agricultural activities and building works. 
Properties of LDPE may be considered intermediate between those of hard (e.g. high 
density polyethylene, HDPE) and soft (e.g. polyvinile) polymers. In fact, it is 
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sufficiently hard and flexible in a moderately large temperature range. Like bitumen, 
LDPE is a viscoelastic material which exhibits a distinctive non-Newtonian behavior. 
This is due both to the specific characteristics of the polymeric chains (molecular 
weight, molecular weight distribution, frequency and distribution of branching) and to 
the density obtained though the production and/or recycling process in the plant. 
Two types of LDPE were considered in the study. Both were sampled from the same 
RDP production plant but are characterized by different shape and density depending 
upon the specific transformation process from which they originate. In fact, the one 
available in fibre form (denominated LDPE-f) has a density, equal to 1.724 g/cm3, 
which is almost double than that of the LDPE available in granules (LDPE-g), equal 
to 0.946 g/cm3. The two products share the same melting point, comprised between 
115 and 120°C, and the same melt flow index, in the range of 0.2-0.5 g/10’ as 
evaluated by ASTM test procedure D1238. 
The fibre product is obtained as the result of grinding, cleaning, centrifuging and 
drying operations. It is then stocked in appropriate silos from which it may be 
retrieved for further processing, carried out by means of heating, granulation and 
cooling, in order to obtain the granular product which can thereafter be marketed for 
special applications. 
7.2.1.2 Bitumen and Aggregates 
A single type of bitumen belonging to the 80/100 penetration grade was used for the 
preparation of bitumen-RDP blends. The bitumen was subjected to the traditional 
grading tests included in the Italian CNR specification (penetration, softening point, 
etc.) and to the same rheological tests, carried out at 70°C, which were thereafter 
performed on the blends. 
Bituminous mixtures included in the project were prepared by employing aggregates 
sampled from two stockpiles of a single production plant. Both the coarse (5/15 mm) 
and fine (0/5 mm) aggregate were derived from the crushing of the same river gravel. 
Mineralogical analysis carried out on thin sections revealed that the aggregates are 
constituted by 50% serpentine and 50% by mixed elements in which quartz and basalt 
are predominant. For all mixtures Portland cement of the R32.5 type was used as 
mineral filler.  
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7.2.1.3 Bitumen-RDP Blends 
Bitumen-RDP blends were prepared in the laboratory by separately employing 
percentages by weight of both LDPE types equal to 2.5, 5 and 10%. During mixing, 
the time required for complete and homogeneous dispersion of the plastic in the 
bitumen matrix was evaluated through observation with a fluorescence microscope. 
As shown in Figure 8, which refers to mixtures obtained with 2.5 and 5% of LDPE-g, 
within the bitumen a number of isolated polymeric nuclei, the size of which depends 
on the time of mixing, are formed. The required mixing time increases with RDP 
content and in the case of 5% LDPE-g it was estimated that at least 2.5 hours are 
necessary to avoid the production of a non-homogeneous blend. 
7.2.1.4 Bituminous Mixtures 
Bituminous mixtures were prepared by employing, consistently throughout the 
investigation, proportions of filler, fine and coarse aggregate which were defined in 
order to reproduce as closely as possible the centre-band size distribution admitted in 
Italian specifications (Santagata, E,et al, 20039 for binder courses (Figure 7.9). The 
effect of binder content was examined by considering two values, comprised within 
the standard specification range (4-5.5%), equal to 4.5 and 5.5% by weight of the 
total aggregate. Consequently, 14 mixtures, deriving from the combination of the two 
binders contents and of the seven different binders (the source bitumen and its 6 
versions obtained by using the two RDP additives with three different dosages) were 
included in the study. Table 26 contains the volumetric and mass proportions of the 
various components of the mixtures of type A (4.5% binder) and B (5.5% binder). 
Mixing and compaction temperatures were calculated by considering the reference 
viscosities of 0.18 ± 0.5 Pa×s and 0.23 ± 0.5 Pa×s, respectively. This required a series 
of viscosity tests which were carried out with a Brookfield viscometer operated in the 
coaxial cylinders configuration in a temperature range comprised between 130 and 
180°C. The obtained results, plotted in Figure 7.10, proved not to be affected by 
LDPE type and yielded the characteristic temperatures which are shown, as a function 
of additive percentage, in Figure 7.11. Since it was not possible to operate the 
viscometer on the binders prepared with 10% LDPE, the corresponding, extremely 




7.2.2.1 Characterization of Bitumen-RDP Blends 
Binders containing the RDP additives were subjected to empirical characterization 
tests which yielded the results given in Table 7.6 and Figure 7.12. As expected, it 
was observed that the RDP’s have an overall stiffening effect (i.e. penetration 
decrease and softening point increase) which increases with their dosage in the 
binder. However, test results proved to be quite sensitive to LDPE type, with an 
enhanced stiffening effect associated to the use of the plastic available in granular 
form (LDPE-g). 
Further investigations on the blends were carried out by employing a dynamic shear 
rheometer operated in the cone and plate configuration (35 mm diameter, 4° angle). 
Tests were carried out at 70°C by controlling the shear rate which was increased in 
steps between 3 and 10 s-1: at every step, after reaching flow conditions, the shear 
stress at equilibrium was recorded. Thus, flow curves could be constructed and fitted 
with a simple Bingham model in which the shear rate dependency of shear stress is 
expressed as a function of the yield stress t0 and of a single value of viscosity h. It 
was observed that as the percentage of added RDP is increased, the yield stress t0 of 
the material, which corresponds to the stress value beyond which flow conditions 
may be initiated, tends to increase (Figure 7.13). However, at least up to a RDP 
dosage of 5%, the value of such a parameter seems not to be affected by RDP type. 
On the contrary, RDP type affects the viscosity h of the blends modelled according to 
a simple Bingham model, which, as shown in Figure 13, is greater in the case of 
materials containing LDPE-g. 
7.2.2.2 Volumetric Characterization of Mixtures with LDPE Modified Bitumen 
For each of the considered bituminous mixtures, 7 cylindrical specimens were 
compacted in the laboratory at the appropriate equiviscosity temperature: 4 by means 
of the traditional Marshall technique and 3 by using a gyratory shear compactor (GSC) 
operated according to the SUPERPAVE protocol. As a result of previous 
investigations which focused on the comparison of the two compaction techniques 
[Capitolato Speciale d’Appalto, 1993 and De Palma, C., Santagata, E., Bassani, M., 
1997], the Marshall specimens were compacted with 75 blows per face while the 
gyratory ones were obtained by imposing 100 gyrations. Volumetric parameters of all 
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the specimens were evaluated by means of standard ASTM procedures and 
calculations, while workability characteristics were assessed from the data recorded 
during gyratory compaction. 
From the data collected by the GSC apparatus, for all the mixtures average 
compaction curves were derived by referring to the following equation: 
)(log)( 101 nkCnC ⋅+= , 
in which C1 and k are respectively referred to as the self-compaction and workability 
parameters, obtained by means of linear regression. The dependence of these 
parameters from RDP dosage and type is shown in Figure 14. 
In the case of most mixtures it was observed that, when comparing the obtained 
results with those of the reference mixtures, for low values of RDP dosage (e.g. 2.5%) 
a reduction of workability and increase of self-compaction were recorded. These 
effects seem to depend from RDP type and binder content, and tend to disappear in 
the case of fine RDP (LDPE-f) and higher binder content (mixture B). However, for 
greater values of the RDP dosage (from 5 to 10%), a different common trend was 
identified for all the mixtures: increasing dosages of RDP cause an increase of 
workability and a decrease of self-compaction. 
The results derived from gyratory compaction were considered also from the 
viewpoint of SUPERPAVE specifications. In particular, it was observed that all the 
considered mixtures meet the requirement set on the compaction obtained at 10 
gyrations (C10) which has to be less than 89% in order to assure the formation of an 
acceptable aggregate structure. 
The volumetric of the mixtures was assessed, as a function of RDP dosage and type, 
by evaluating the voids in the mineral aggregate (VMA) and the voids content (%v) 
both of the Marshall and of the gyratory-compacted specimens. 
Figure 15, which refers to VMA, shows that even though the measured values are 
comprised within sufficiently narrow VMA ranges, as the RDP content increases the 
packing of the aggregate skeleton is reduced (i.e. the value of VMA tends to increase). 
This effect, which is due to the variation of the viscosity of the binder, is 
quantitatively relevant especially for blends with 10% LDPE-f. In general terms it 
was also observed that VMA seems to be more susceptible to RDP dosage in the case 
of finer, fibre-form RDP (LDPE-f). Similar observations can be made by looking at 
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the mean values of the voids content plotted in Figure 16. As expected, leaner 
mixtures have a higher void content and the finer RDP (LDPE-f) tends to produce 
greater variations of the measured parameter. Figure 16 also shows the acceptance 
ranges derived from Italian specifications, which in most cases do not include the 
experimental data. This suggests that in order to reduce the voids content of these 
special mixtures it would be necessary on one hand to recalibrate the reference 
acceptance criteria regarding aggregate size distribution (especially in its finer part) 
and binder content, and on the other hand to increase compaction effort in the field 
and in laboratory simulation. The volumetric data shown in Figure 17, which are 
expressed in terms voids filled with asphalt (VFA), confirm the observations made 
above. It is apparent that in order to ensure adequate durability to these mixtures, 
remedial measures to mix design are necessary in order to keep the value of VFA 
sufficiently high when employing RDP blends with more than 2.5% RDP dosage. 
7.2.2.3 Mechanical Characterization of Mixtures with LDPE Modified Bitumen 
For the mechanical characterization of the mixtures, both standard quality control 
tests and more fundamental procedures were used. In particular, while the Marshall 
specimens were tested for stability and flow as usually done for standard mixtures, 
those produced by means of the gyratory compactor were subjected to testing at 20°C 
for the evaluation of indirect tensile strength. Before performing these destructive 
tests, both series of specimens were used for the measurement of elastic stiffness at 
20°C by means of the repeated load indirect tensile test carried out according to the 
European standard procedure ( Santagata, E.,et al November 2001). 
As shown in Figure 7.18, elastic stiffness proved to be quite sensitive to RDP dosage, 
with values that were almost doubled, when compared to those of the reference 
mixtures, at a percentage comprised between 5 and 10%. It was also observed that 
greater stiffening effects are associated to the use of the coarser, granular type, RDP 
(LDPE-g). In all cases the specimens prepared by means of gyratory compaction, in 
which a greater packing of the aggregate skeleton takes place, gave higher values of 
elastic stiffness. 
Results derived from Marshall Tests are given in Figure 7.19. They are perfectly in 
line with those previously obtained on mixtures in which RDP’s of various 
composition and shape were employed in substitution of the fine aggregate fraction 
[MIUR and entitled, 2001]. However, the significance of these data is limited since 
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they were obtained by carrying out an empirical test procedure, the value of which 
stems from practice and repeated application, on non-standard materials on which no 
field performance information is available. Thus, the extremely high stability and 
stiffness (stability/flow) values explicitly give further proof of the stiffening effect of 
the RDP’s, but may also indicate the tendency of the mixtures to fail in the brittle 
mode in service. However, only by means of further simulative testing of the 
mixtures it will be possible to make predictions on the long-term behavior expected in 
practice. 
Similar observations can be made while examining the indirect tensile strength data 
plotted in Figure 20. In fact, it was observed that the presence of a binder containing 
RDP leads to a failure mode which is not totally compatible with the classical elastic 
modeling of the test results, so care should be taken in examining the strength values 
in absolute terms. In any case, for most mixtures two strength peaks, corresponding to 
2.5% and 10% RDP dosage, were identified, and it was observed that most of the 
mean values are comprised between 1200 and 1800 kPa. 
7.2.3 Conclusions 
In this paper the Authors reported on a research project in which selected RDP’s 
(Refuse Derived Plastics), entirely constituted by low density polyethylene (LDPE), 
have been used as bitumen additives. Based on the results obtained in the laboratory 
investigation, a first set of conclusions can be drawn. In first place it was observed 
that both types of RDP available, which differ by shape and density, could be 
homogeneously blended with bitumen if an appropriate mixing time was taken. The 
effects that were obtained with the two plastics at increasingly high dosages (up to 
10% by weight of the bitumen) were quantified by means of empirical and 
rheological tests. It was observed that the two plastics give different effects which 
correspond in both cases to general stiffening of the original binder which increases 
with RDP dosage. However, limitations on the possible dosage of RDP in future field 
applications derive from the mixing and compaction temperatures that were 
calculated from viscosity measurements. In particular, it was observed that with RDP 
dosages greater than 5% the corresponding working temperatures would not be easily 
and economically obtained in normal production and construction operations. 
In the second part of the project the bitumen-RDP blends were used as binders in 
bituminous mixtures prepared according to reference recipes and acceptance criteria. 
 135 
The mixtures were characterized by a volumetric and mechanical point of view, 
obtaining results which are coherent with those derived from binders. In particular, it 
was observed that by increasing RDP dosage a reduction in compaction, revealed by 
the increase of VMA and voids content, was coupled with a global stiffening of the 
mixture, demonstrated by the values of elastic stiffness measured at 20°C. Results 
derived from indirect tensile strength tests and Marshall Tests confirmed these 
conclusions, even though care should be taken in examining these data in absolute 
terms. 
Based on the complete set of experimental data synthesized in this paper it may be 
concluded that due to their stiffening effects the use of RDP’s as bitumen additives 
appears to be quite promising. In particular, the use of 5% granular LDPE could 
produce non negligible benefits in the field while still allowing for standard mixing 
and compaction operations to be carried out. In order to fully support these 
conclusions further investigations should be carried out in the future. On one hand 
they should focus on the mix design process, taking into account the presence of the 
plastic and its effect on the optimal aggregate size distribution and binder content; on 
the other hand, performance-related properties should also be evaluated especially by 
considering the aptitude of the mixtures to resist to permanent deformation and 
fatigue cracking. 
Finally, the laying of experimental sections could also be an asset in the global 
evaluation of these innovative materials. 













Figure 7.8: Images Obtained from the Fluorescence Microscope 
 
Figure 7.9: Reference and Design Aggregate Size Distributions 
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Figure 7.10: Viscosity Values Measured on the Original Bitumen and on the 
Bitumen-RDP Blends 
 




Figure 7.12: Penetration and Softening Point of the Binders Considered in the 
Investigation 
 
Figure 7.13: Yield Stress and Viscosity Measured at 70°C on the Binders Considered 
in the Investigation 
 
Figure 7.14: Workability and Self-Compaction of the Bituminous Mixtures 
Considered in the Investigations 
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Figure 7.15: Voids in the Mineral Aggregate (VMA) of the Marshall and Gyratory 
Compacted Mixtures 
 
Figure 7.16: Voids Content (%v) of the Marshall and Gyratory Compacted 
Specimens 
 




Figure 7.18: Elastic Stiffness at 20°C of the Marshall and Gyratory Compacted 
Specimens 
 
Figure 7.19: Marshall Stability and Stiffness of the Considered Mixtures 
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Figure 7.20: Indirect Tensile Strength at 20°C of the Considered Mixtures 
7.3    Influence of Mw of LDPE and Vinyl Acetate Content of EVA on the 
Rheology of Polymer Modified Asphalt 
Asphalt binder was modified by low density polyethylene (LDPE) and ethyl vinyl 
acetate (EVA) polymers to investigate the structure-property relationships of polymer 
modified asphalt (PMA). The PMA was prepared in a high shear blender at 160ºC. 
The optimum blending time (OBT) for each polymer was determined following a 
separate investigation. OBT was influenced by Mw, MWD, and polymer structure. 
The influence of Mw of LDPE and vinyl acetate (VA) content of EVA on PMAs was 
studied by rheological tools. Polymer modification improved the rheological 
properties of base asphalt. EVA, PMAs were found to be less temperature sensitive 
than LDPE modified asphalts. LDPE modification increased flow activation energy 
(Ea) but EVA modification decreased Ea. Both VA content and Mw of LDPE have 
influenced the storage stability of PMAs. The low temperature properties of PMAs 
and short ageing tests were not influenced by polymer type. On the other hand, the 
high temperature properties of PMAs were strongly influenced by Mw of LDPE and 
VA content of EVA. Overall, EVA with low VA content showed the best temperature 
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resistance to high temperature deformations, the highest upper service temperature as 
well as the best storage stability. 
In this case, the influence of Mw of low density polyethylene (LDPE), VA content of 
EVA as well as polymer type and polymer concentration on asphalt modification was 
investigated. Two polymers that are widely used in asphalt modification namely, 
polyethylene and EVA were selected. The influence of Mw (or Melt Flow Index, MFI) 
of the polymer was examined by using two LDPE samples of the same density but of 
different MFIs. The influence of VA content on asphalt modification was investigated 
by selecting two EVA resins of similar MFI and of different VA content. Also, a 
comparison of LDPE and EVA (of almost similar MFI) would reveal the influence of 
polymer type. Here, the influences of these parameters, such as Mw (or MFI) and VA 
content or structural parameters (LDPE vs. EVA) were studied one parameter at a 
time. For Saudi Arabia (and other hot climates in the world), the high temperature 
performance of PMA is important for PMAs. Here, the high temperature performance 
of PMAs is emphasized.  
7.3.1  Materials 
2 LDPEs and 2 EVAs were used in this study. All are commercial polymers and 
Were supplied by ExxonMobil. Table 27 provides characterization data such as 
density, MFI at 190oC/2.16 kg and melting point as provided by ExxonMobil. The 
number average molecular weight (Mn), weight average molecular weight (Mw) and 
polydispersity index (PDI) was obtained by a gel permeation chromatography (GPC). 
GPC data was obtained by using 1, 2, 4 trichlorobenzene as solvent at 150ºC in a 
WATER GPC2000 instrument. Polystyrene standards were used for calibration. 
Branch content was obtained for LDPE polymer by NMR and it was 18.8 and 18.2 
CH3/1000C for LDPE1 and LDPE2, respectively. On the other hand, the VA content 
of the EVA samples was 19 wt% and 27.5 wt%, respectively. The VA content was 
provided by the supplier and the ratio was confirmed by NMR. The low Mw LDPE 
and the low VA content EVA were denoted by label 1, where the high Mw LDPE and 
the high VA content EVA were assigned the label 2. 
Asphalt of 60/70 penetration grade was used in this study. This asphalt was obtained 
from Saudi Aramco Riyadh Refinery. The weight percentage of C, H, S and N 
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content of asphalt was obtained by elemental analysis as 85.70%, 10.26, 3.90% and 
0.4%, respectively. To determine the amount of the heavy fractions in asphalt 
(asphaltenes), it was dissolved in toluene and 0.45-_m filter was used for filtration 
(El-Mubarak et al., 1999). According to this gravimetric method, asphalt, used in this 
study, was found to contain 30% asphaltenes. 
7.3.2 Determination of Optimum Blending Time (OBT) 
To avoid long blending time, the OBT for the 8% concentration was obtained. 
Complex shear modulus |G*|at 76ºC was used to monitor the consistency of PMA 
during blending. The temperature of 76ºC was selected since it represents the highest 
performance grading requirements in the Gulf countries (Al-Dubabe et al., 1998). 
Gwas measured for samples collected during the blending at 5, 10, 15, 20, 25, 30, 40 
and 50 minutes of the start of the blending process. The OBT was determined as the 
time needed for |G*| (or torque) to reach steady state. The steady state was defined as 
the first plateau of torque-time curve. Prolonged heating is believed to be behind the 
increase in torque following the plateau as a result of x-linking (Yousefi, 2003). For 
all other parts of this study, all PMA samples were prepared at the OBT obtained for 
the 8% polymer concentration. 
Table 7.8: Characterization of polymers 
 
7.3.2.1 PMA Sample Preparation 
800 g of asphalt were heated at 160oC for 50 minutes. Oil bath was used to control 
the temperature. Pre-weighed polymer was poured in the asphalt. A special blender 
composed of high shear blade (Al-Dubabe et al., 1998) was used to blend the polymer 
with the asphalt; the blending speed was controlled with a DC motor capable of 
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producing up to 3000 rpm. Three different polymer concentrations (4%, 6% and 8 wt 
%) were used. After blending at the OBT, samples were collected in a rubber mould 
of 25 mm diameter and 2 mm thickness and tested within 24 hrs. 
7.3.2.2 Rheological Characterization 
All rheological tests of pure asphalt as well as polymers and PMAs were carried out 
in a strain controlled ARES rheometer. Parallel plate geometry with a diameter of 25 
mm and a gap of 1.5 mm were used in all of these studies. This is mainly due to the 
fact that cone-and-plate geometry was not used for temperature sweeps to avoid 
metal-metal contact. Strain sweep tests were performed on PMAs and base asphalt to 
check for the linear viscoelastic range and 20% strain amplitude was selected. All 
tests were conducted under nitrogen environment to avoid any possible degradation. 
Reproducibility tests were performed on the 4% LDPE1 PMA to check for any 
possible degradation in PMA (Hussein et al., 2000). The samples were obtained from 
two different batches. The results of reproducibility tests are given in Figure 21. The 
agreement of both viscous and elastic properties shows the excellent reproducibility 
of these measurements. The frequency sweep was carried out at 76ºC in the range 100 
to 0.1 rad/s. Temperature sweep test was done over the temperature range 50º-100ºC 
at 5ºC/min ramp rate (to avoid long exposure time at high temperature) and a 
frequency =10 rad/s. Also, frequency temperature sweep tests were performed to 
construct time-temperature superposition (TTS) curve. In that case, the temperature 
range covered was 50-90ºC at a step of 10ºC. In all temperature sweep tests, 2.5 
microns/ºC were used as tool thermal expansion coefficient following a separate 
calibration experiment. 
7.3.3   Storage Stability Test 
The tests aim at assessing the storage stability of PMA, which is related to the 
miscibility of asphalt-polymer blend. The storage stability of asphalt binders was 
performed as follows: after blending 800 g of asphalt sample at OBT, the container 
was placed in an oil bath at 160ºC for continuous agitation at 500 rpm. After 72 hours, 
the samples were collected from the top and the bottom of the container by a pipette. 
The storage stability of the modified asphalt binders was evaluated according to the 
Laboratory of Asphalt Stability Test (LAST) procedure (Bahia et al., 2001). G* 
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values at 76ºC and 10 rad/s were measured in ARES rheometer for the top and the 
bottom samples. Then, the difference was calculated. This test helps in assessing the 
miscibility of polymer-asphalt blend, which is critical for storage and final use of 
PMA. 
7.3.4    Rolling Thin Film Oven (RTFO) Test 
RTFO was used to perform ageing of asphalt binders according to ASTM D 2872 
procedure. This test simulates the ageing process that takes place during the 
production and up to the first year of the service life of the pavement. After blending, 
asphalt binder was poured into cylindrical bottles, placed horizontally in a convection 
oven and rotated at 163ºC for 85 minutes. Air was supplied into the bottle to 
accelerate ageing. A thin film was created on asphalt. After completing the run, 
samples were collected for rheological testing in ARES. 
7.3.5    Performance Grading (PG) 
PG of PMAs was done for all samples with a 4% polymer concentration. The steps of 
the PG are as follows: residue from RTFO was placed in a Pressure Aging Vessel 
(PAV) where temperature was held at 110ºC and oxygen was supplied continuously 
following Strategic Highway Research Program (SHRP) B-005 test procedure. After 
20 hours, samples were collected from the PAV for measurement of |G|. According to 
SHRP, the upper limit of PG represents the temperature at which asphalt blend. 
 is at least 1 kPa. Also, beams (12.4 cm*1.2 cm*0.6 cm) were prepared to 




Figure 7.21: Batch reproducibility test for 4% LDPE1 and  
7.3.6    Results and Discussion 
Optimum Blending Time 
The values of G* are shown in Figure 22 for all PMAs. Base asphalt was treated 
under the same conditions. The diamond, upper triangle, lower triangle, circle and 
square symbols represent base asphalt, LDPE1, LDPE2, EVA1 and EVA2 PMAs, 
respectively. |G*| value of asphalt was smaller than 1 kPa (SHRP minimum 
requirement) over the whole time range; however, polymer modification increased 
|G*|. Initially, |G*| increased rapidly and then the rate of increase slowed down with 
time. The minimum time required by |G*| (torque) to attain at the steady state is taken 
as the OBT. It should be noted that after the first plateau increase in torque was 
observed, which is likely due to x-linking as a result of prolonged heating. OBTs of 
8% LDPE1, 8%  LDPE2, 8% EVA1 and 8% EVA2 PMAs were 30, 20, 15 and 20 
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minutes, respectively. EVA1 PMA showed rapid initial increase in |G|, while EVA2 
PMA showed the least initial increase. The initial behavior of OBT curve of the 
LDPE modified asphalt was similar. However, LDPE2 (low MFI, high Mw) reached 
the steady state faster than LDPE1 (high MFI, low Mw), while the reverse was 
expected. Although MFI characterizes the thermoplastic polymers, the rheological 
behavior of a polymer at high shear rate indicates the degree of mixing with asphalt. 
This can be clearly explained by power law model. Low power-law index polymer 
gives more shear thinning behavior at high shear rate and need less time for 
dispersion. So, knowledge of MFI of polymers is not sufficient since the shear 
thinning behavior is significant, too. 
Frequency sweep tests of pure polymers were performed and the value of power law 
indices (n) were 0.73, 0.63, 0.72 and 0.85 for LDPE1, LDPE2, EVA1 and EVA2 
polymer, respectively. It can be seen that LDPE2 exhibits more shear thinning 
behavior and its power low index is less than LDPE1. So, it has a low viscosity at 
high shear rate and LDPE2 takes less time to attain steady state in the high shear 
blender. Also, GPC analysis (Table 27) showed higher PDI for LDPE2 (the high Mw 
polymer) in comparison with LDPE1 (the low Mw resin). This explains the shear 
thinning behavior of LDPE2 and the low OBT. In the case of EVA polymer, this 
explanation was quite clear. Both EVA polymers have the same MFI but their shear 
thinning behavior is different. For EVA2, n value is high so the PMA took more time 
to reach in steady state. 
Rheological Analysis 
The comparison of asphalt and PMAs are presented in Figure 23, which reports 
the dynamic viscosity at 76ºC as a function of _. In this case, the 4% concentration 
of different polymers was taken. The base asphalt showed typical Newtonian 
behavior over almost the whole -range with a zero shear viscosity, _o, of 95.485 Pa-s. 
Similar observations were reported in the literature (Zupancic and Zumer, 2002; 
Bahia and Davies, 1994). Addition of 4% of a polymer has increased  of PMAs at 
low. However, the results depend on the type of the polymer. EVA1 PMA showed the 
highest increase in viscosity at low frequency region. EVA2 modified asphalt showed 
a decrease in   at high-  LDPE2 modified asphalt displayed the same viscosity as 
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EVA1 at high. This effect is quite clear in Figure .7.22, where |G|was plotted as a 
function of phase angle. This diagram was generated with frequency sweep data. 
 
Figure 7.22: Blending time determination. 
PMA showed substantial decrease in _ (increase in elastic response) with decreasing 
|G*| compared to base asphalt. Both EVA PMAs is found to decrease more in 
comparison to LDPE PMAs. The effect of polymer concentration on (filled symbol) 
and G (open symbol) of LDPE1 is shown in Figure 25 for the three different 
polymer concentrations. It was observed that both rheological properties of modified 
asphalt increased with the increase of polymer content, which is expected. The effect 
of polymer concentration on (T) was studied by performing temperature sweeps on 
LDPE1 PMA at three different polymer concentrations. The results are shown in 
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Figure 26. At high temperatures (~90ºC), the 8% LDPE1 PMA showed a sudden 
decrease in values. High polymer concentrations result in PMA with higher elasticity; 
however, the blend has the tendency to phase separate. Phase separation was 
suggested for PMA with more than 7 wt% polymer concentration (Brule, 1996). 
However, high temperature would weaken the interfacial tension between the 
dispersed LDPE1 phase and the asphalt continuous phase. This would result in 
improvement of the blend miscibility and hence reduce the viscosity of the blend 
(Hameed and Hussein, 2002). The observed drop of the 8% LDPE1 PMA viscosity at 
high temperature supports the existence of a multiphase system at lower temperatures 
since Arrhenius behavior was not followed. In fact, at these low temperatures LDPE1 
is below its melting point and it is a semisolid in a matrix of asphalt melt which 
justifies the multiphase explanation. 
 
Figure 7.23: of the asphalt and polymer modified asphalts at 76ºC ( = 20%). 
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Figure 7.24: G* as a function of _. (T = 76oC). 
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Figure 7.25: Effect of polymer concentration on  
 
Temperature sweep tests were also used to obtain flow activation energy from 
well known Arrehenius equation. 
where A is pre-exponential term, Ea is activation energy, T is 
temperature and R is universal constant. Table 29 shows the values of flow activation 
energy (Ea) and the pre-exponent (A) of modified asphalt for three different polymer 
concentrations of each polymer. Ea increased when LDPE was used. Flow activation 
energy increased with the increase of LDPE concentration. This behavior of LDPE 
modified asphalt is similar to previous observations of different researchers (Zupancic 
and Zumer, 2002; Carreau et al., 2000; Ait-kadi et al., 1996). On the other hand, EVA 
modified asphalt decreased the flow activation energy significantly and lower Ea 
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values were obtained at higher polymer content. Low activation energies are preferred 
since they result in lowering the change of viscosity with the change of temperature. 
Both EVA1 and EVA2 polymers showed similar behavior with regard to the 
influence of polymer content on Ea. This behavior is likely due to the rigid nature of 
the EVA molecule (double bond in the backbone). Here, we would like to offer 
tentative explanations. The high VA content EVA2 is likely to act as a rigid molecule 
that reinforces the flexible asphalt matrix, while EVA1 acts as a flexible polymer 
chain that entangles with asphalt molecules. Higher VA content is likely to reduce the 
degree of entanglement of polymer asphalt molecules. So, it seems like low VA 
content would allow the polymer molecule to entangle with asphalt; hence increase 
the elasticity of PMA. However, high VA content would likely render the polymer 
molecule too stiff and reduce the entanglement density of polymer-asphalt micelles. 
Here, we are excluding any other explanations based on chemical reaction. 
 
Figure 7.26: Effect of polymer concentration on  
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Table 7.9: Comparison of Arrhenius parameters for modified asphalt 
 
This is mainly due to the fact that blending of EVA polymers with asphalt for long 
times (50 min) in the high shear blender did not produce significant increase in the 
elasticity of PMA. Still the polymers used in this part of the study were blended at 
much less time (see optimum blending time part). 
Also, |G*| for asphalt was stable over a long period of time (see the OBT curve). 
Hence, these polymer modifications are dominated by physical rather than chemical 
interactions. 
The percent decrease in viscosity of PMA due to the increase in temperature from 
50ºC to 60ºC was calculated by Arrhenius equation these temperatures were selected 
because about this temperature range asphalt goes to Newtonian region (Polacco et. 
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al., 2003). It was observed that the difference was high for LDPE polymers and the 
difference has increased with the increase of polymer concentration. But EVA 
polymers showed less decrease in viscosity when temperature was increased from 
50ºC to 60ºC. This decrease in viscosity is even less at high EVA concentrations. 
As PMA is a viscoelastic material, it exhibits non-Newtonian behavior over wide 
temperature range and cannot be defined only by zero-shear viscosity (Singh et. al., 
2003; Zupancic and Zumer, 2002; Carreau et. al., 2000). Time-temperature 
superposition (TTS) is used to explain this behavior. For TTS, Williams-Landel-Ferry 
(WLF) equation is used. 
 
where, C1 and C2 are constants and 100ºC and Tg is the glass transition 
temperature. Figure 27 shows the elastic modulus (G’) as a function of reduced 
frequency ( ) obtained from temperature-frequency sweeps. Data are presented for 
the 4 % polymer concentration systems. The reference temperature was 70ºC. The 
temperature dependence of the shift factor, aT, is given in Figure 28. Similar behavior 
was reported in the literature (Zupancic and Zumer, 2002; Carreau et al., 2000, Challa 
et al., 1996, 1997; Chebil et al., 1996). It is observed that time-temperature 
superposition (TTS) principle holds for all materials over the experimental range of 
temperatures and frequencies. The fact that the four PMAs covered in this study 
follow TTS suggests that the polymer-asphalt blend is miscible. At low _, EVA1 
PMA showed the highest G’among all polymers. LDPE modified asphalt displayed 
higher elasticity in comparison to base asphalt. In the high-_ range, the effect of 
polymer type was not pronounced. The low  (long time) range reflects the high 
temperature behavior of PMA. This suggests that EVA1 of low VA content would 
show higher modulus at high temperature, which is preferred for hot climates. These 
results are in agreement with the previous findings from Figure 23. The high VA 
content polymer (EVA2) displayed the lowest modulus among the four polymers. 
Hence, EVA1 of low VA content is expected to have the best high temperature 
resistance to permanent deformations (rutting). 
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At low , the slopes of base asphalt, LDPE1 and EVA1 PMAs were found to be 
1.2, 0.92 and 0.73, respectively. Since these slopes were obtained in the low-_ range 
(corresponds to high temperature according to TTS), the elastic properties of EVA1 
are expected to be less temperature sensitive compared to other polymers. 
 
Figure 7.27: master curve for all polymer modified asphalt at Tref =70ºC. 
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Figure 7.28:  
Accordingly, EVA1 PMA is expected to show better performance in rutting 
resistance. Hence, the information extracted from the slopes of G’ vs. _ is consistent 
with the above findings obtained from the comparison of G’ data. To improve the 
rutting resistance of PMA, higher values of G’ are needed. In the high-_ region 
(corresponds to low temperature according to TTS), PMAs with high loss modulus 
(G’’) are preferred to prevent crack initiation. However, the low temperature behavior 
of all of the above polymers approaches similar values at high .  
Therefore, the high temperature performance is the main factor in the selection of the 
polymer type. This is likely to be applied in hot climates only where temperature 
sensitivity is important. 
 157 
According to SHRP method, the asphalt can be used up to that temperature when 
G*/sind value is at least 1 kPa. These values are 70ºC, 80ºC, 80ºC, 82ºC and 77ºC for 
asphalt, 4% LDPE1, 4% LDPE2, 4% EVA1 and 4% EVA2 PMA, respectively. 
Polymer modification has improved the service temperature according to SHRP 
specification. Among all polymers, EVA1 gave the highest service temperature (82ºC) 
at |G|/sind=1 kPa. Moreover, the 4% polymer concentration of all polymers satisfies 
the high service temperature requirement for the Gulf region (76ºC). So, further 
analysis was performed on the PMA with only 4% polymer concentration. 
Storage Stability Test 
Structurally, asphalt is very complex (Stastna et al., 2003; Gao et al., 2002; 
Rassamdana et al., 1996). It is composed of different phases. Addition of polymer 
enhances this complexity. Always there is a possibility of phase separation during 
storage at elevated temperature. 4% of all polymers were used and showed |G|values 
that are high at the top and the bottom after 72 hrs. The high temperature and long 
mixing time would result in considerable oxidation that would eventually lead to the 
observed increase in |G|. The bottom sample showed higher values of |G|than that of 
the top. The percent differences between top and bottom value of |G|are 9, 3, 5 and 18 
for LDPE1, LDPE2, EVA1 and EVA2 PMAs, respectively. This phase separation 
was the highest for EVA2 and the least for LDPE2. Further, in the comparison of 
LDPE1 and EVA1, EVA1 showed better storage stability than LDPE1, which 
supports the previous observations on the phase separation of the 8% LDPE. EVA1 
(low VA content) showed better storage stability than EVA2 (high VA content). 
EVA2 is more rigid as it contains more VA than EVA1 and it is not compatible with 
asphalt. Isacsson and Lu (1999) concluded that high vinyl acetate (VA) content leads 
to poor storage stability. However, the ethyl vinyl acetate (EVA) polymers used in 
that study were of different molecular weights. So, it is difficult to conclude whether 
that observation was due to the influence of molecular weight (Mw) or VA content.  
Also, the fact that EVA2 showed more phase separation supports our tentative 
explanation that the rigid EVA2 has less entanglement with asphalt and is just 
reinforcing the asphalt matrix phase. This finding is in agreement with previous 
literature reports (Lu et al., 1999). So, EVA with low VA content has the best storage 
stability compared to other polymers covered in this study. 
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Rolling Thin Film Oven (RTFO) Test 
Figure 29 and Figure 30 show _*(T) value of base asphalt and 4% PMAs 
before and after treatment in the RTFO test. Ageing has increased the complex 
viscosity without much influence on the flow activation energy (almost similar slope). 
The values 
 
Figure 7.29: Effect of LDPE on the asphalt binder ageing  
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Figure 7.30: Effect of EVA on asphalt binder ageing of 
viscoelastic properties of aged specimens was generally higher than those of unaged 
samples.  
It is quite similar to the physics of ageing processes that involve x-linking. 
Temperature ageing favors the volatilization of low molecular weight constituents of 
asphalt. But high molecular weight constituents remain in the asphalt. Both oxidation 
and volatilization of asphalt lead to the observed increase in . A look at Figures 29 
and 30 suggests that both the Mw of LDPE and the VA content of EVA did not show 
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a strong influence on the results of the RTFO test over this short ageing period (85 
minutes). 
Performance Grading 
According to SHRP, the highest PG in the Kingdom is 76-10. PG for asphalt, 4% 
LDPE1, 4% LDPE2, 4% EVA1 and 4% EVA2 are 64-22, 76-16, 76-10, 82-10 and 
76-16, respectively. EVA1 modified asphalt showed the highest service temperature. 
Other PMA systems have satisfied the required upper limit service temperature of 
76oC. Moreover, all PMAs with 4% polymer concentration satisfied the lower limit 
of -10ºC. 
7.3.7 Conclusion 
The influence of Mw of LDPE and the vinyl acetate content of EVA on modification 
of asphalt were investigated. Optimum blending time for EVA modified asphalt was 
found to be lower than that of LDPE modified asphalt due to the difference in Mw. 
For EVA polymers with similar Mw, higher MWD (or PDI) resulted in shorter 
blending times in the high shear blender. So, both Mw and MWD as well polymer 
structure (LDPE1 vs. EVA1) have influenced the OBT. Polymer modification has 
significantly enhanced the rheological properties of asphalt. Viscous and elastic 
properties of modified asphalt increased with the increase of polymer content. Both 
EVA polymers decrease the flow activation energy. The reduction of the flow 
activation energy reduces the degree of temperature sensitivity; hence, reduce the 
change of viscosity due to temperature change. The VA content of EVA had little or 
no influence on flow activation energy. The activation energy for LDPE PMAs 
increased with the increase of polymer concentration, while that of EVA PMAs 
decreased. This suggests that LDPE PMAs are more temperature sensitive than EVA 
polymers. Storage stability was found to be acceptable for LDPE and low VA content 
EVA modified asphalt. However, EVA with high VA content showed the highest 
degree of phase separation. Also, LDPE of low Mw displayed higher extent of 
immiscibility with the asphalt used in this study. Comparison of EVA1 (low VA 
content) and LDPE1 (low Mw) PMAs shows that the storage stability of EVA1 
modified asphalts is better. Both asphalt and PMAs were found to harden due to 
ageing with no strong influence for Mw or VA content. Both the Mw of LDPE and 
the VA content of EVA did not show a strong influence on the results of the RTFO 
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test performed over the short ageing period (85 minutes) according to ASTM D 2872 
test procedure. The performance grading of the 4% PMAs was carried out and all 
polymers satisfied the required PG. EVA with low VA content extended the upper 
service temperature of asphalt by 6oC above the required temperature. On the other 
hand, Overall, EVA1 of low VA content has the best high temperature resistance to 
permanent deformations (rutting) and the highest service temperature as well as the 
best storage stability (compatibility with asphalt). Both EVA1 and EVA2 polymers 
showed similar behavior with regard to the influence of polymer content on Ea. 
Whereas, LDPE of higher Mw showed better compatibility with asphalt and higher 
elasticity. Otherwise, the Mw of LDPE showed little or no influence on temperature 
sensitivity (flow activation energy) or the upper service temperature. Finally, the Mw 
of LDPE and VA content of EVA have influenced the rheology, the storage stability 
and the ageing of PMAs differently. Overall, EVA with low VA content was the best 
asphalt modifier among the polymers covered in this investigation. 
7.4 Case Four 
Materials of the non-standard type, also referred to as alternative materials, are 
increasingly being used in road construction within the various strategies which are 
adopted in order to simultaneously reduce costs, maximize performance and increase 
sustainability. Among these materials, special consideration should be given to those 
which incorporate Refuse Derived Plastics (RDP), obtained from civil and industrial 
solid waste by means of differential collection and subsequent processing. In fact, 
their use may not only reduce costs associated to landfill incorporation, but may also 
produce positive effects due to their specific physical properties and to their 
interaction with other materials. 
Two types of LDPE, which differ in density and shape, were considered in the study. 
They were added in various percentages to single base bitumen and the resulting 
binders were thereafter used for the preparation of bituminous mixtures for binder 
courses. In the experimental investigation a combination of standard empirical tests 
and more fundamental and/or simulative methods was used for the characterization of 
the binders and mixtures. The obtained results show that by means of an appropriate 
selection of RDP type and dosage it is possible to design materials with an expected 
field performance which is superior to conventional ones. 
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7.4.1   Refuse derived plastics (RDP) 
Most of recycled LDPE derives from the recovery of packaging material but a non 
negligible quantity is also obtained from tarpaulins used in the agricultural sector. 
Almost all recyclers do not carry out the whole transformation process, but generally 
arrive to a semi-finished granular product, constituted by quasi-spherical elements a 
few millimeters in diameter, which can be employed for various purposes in a number 
of industrial processes. Typical applications are those which entail the production of 
materials for packaging, agricultural activities and building works. Properties of 
LDPE may be considered intermediate between those of hard (e.g. high density 
polyethylene, HDPE) and soft (e.g. polyvinile) polymers. In fact, it is sufficiently 
hard and flexible in a moderately large temperature range. Like bitumen, LDPE is a 
viscoelastic material which exhibits a distinctive non-Newtonian behavior. This is 
due both to the specific characteristics of the polymeric chains (molecular weight, 
molecular weight distribution, frequency and distribution of branching) and to the 
density obtained though the production and/or recycling process in the plant. 
In fact, it is sufficiently hard and flexible in a moderately large temperature range. 
Like bitumen, LDPE is a viscoelastic material which exhibits a distinctive non-
Newtonian behavior. This is due both to the specific characteristics of the polymeric 
chains (molecular weight, molecular weight distribution, frequency and distribution 
of branching) and to the density obtained though the production and/or recycling 
process in the plant. 
Bitumen and aggregates 
A single type of bitumen belonging to the 80/100 penetration grade was used for the 
preparation of bitumen-RDP blends. The bitumen was subjected to the traditional 
grading tests included in the Italian CNR specification (penetration, softening point, 
etc.) and to the same rheological tests, carried out at 70°C, which were thereafter 
performed on the blends. 
Bituminous mixtures included in the project were prepared by employing aggregates 
sampled from two stockpiles of a single production plant. Both the coarse (5/15 mm) 
and fine (0/5 mm) aggregate were derived from the crushing of the same river gravel. 
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Mineralogical analysis carried out on thin sections revealed that the aggregates are 
constituted by 50% serpentine and 50% by mixed elements in which quartz and basalt 
are predominant. For all mixtures Portland cement of the R32.5 type was used as 
mineral filler. 
Bitumen-RDP blends 
As shown in Figure 31, which refers to mixtures obtained with 2.5 and 5% of LDPE-
g, within the bitumen a number of isolated polymeric nuclei, the size of which 
depends on the time of mixing, are formed. The required mixing time increases with 
RDP content and in the case of 5% LDPE-g it was estimated that at least 2.5 hours 
are necessary to avoid the production of a non-homogeneous blend. 
Bituminous mixtures 
14 mixtures, deriving from the combination of the two binder contents and of the 
seven different binders (the source bitumen and its 6 versions obtained by using the 
two RDP additives with three different dosages) were included in the study. Table 30 
contains the volumetric and mass proportions of the various components of the 
mixtures of type A (4.5% binder) and B (5.5% binder). 
Mixing and compaction temperatures were calculated by considering the reference 
viscosities of 0.18 ± 0.5 Pa s and 0.23 ± 0.5 Pa s, respectively. This required a series 
of viscosity tests which were carried out with a Brookfield viscometer operated in the 
coaxial cylinders configuration in a temperature range comprised between 130 and 
180°C. 
7.4.2  Results 
Characterization of bitumen-RDP blends 
Binders containing the RDP additives were subjected to empirical characterization 
tests. As expected, it was observed that the RDP’s have an overall stiffening effect 
(i.e. penetration decrease and softening point increase) which increases with their 
dosage in the binder. However, test results proved to be quite sensitive to LDPE type, 
with an enhanced stiffening effect associated to the use of the plastic available in 
granular form (LDPE-g). Further investigations on the blends were carried out by 
employing a dynamic shear rheometer operated in the cone and plate configuration 
(35 mm diameter, 4° angle). Tests were carried out at 70°C by controlling the shear 
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rate which was increased in steps between 3 and 10 s-1: at every step, after reaching 
flow conditions, the shear stress at equilibrium was recorded. Thus, flow curves could 
be constructed and fitted with a simple Bingham model in which the shear rate 
dependency of shear stress is expressed as a function of the yield stress 0 and of a 
single value of viscosity. It was observed that as the percentage of added RDP is 
increased, the yield stress of the material, which corresponds 
to the stress value beyond which flow conditions may be initiated, tends to increase. 
However, at least up to a RDP dosage of 5%, the value of such a parameter seems not 
to be affected by RDP type. On the contrary, RDP type affects the viscosity of the 
blends modeled according to a simple Bingham model is greater in the case of 
materials containing LDPE-g. 
Volumetric characterization of mixtures with LDPE modified bitumen 
For each of the considered bituminous mixtures, 7 cylindrical specimens were 
compacted in the laboratory at the appropriate equiviscosity temperature: 4 by means 
of the traditional Marshall technique and 3 by using a gyratory shear 
compactor (GSC) operated according to the SUPERPAVE protocol. As a result of 
previous investigations which focused on the comparison of the two compaction 
techniques, the Marshall specimens were compacted with 75 blows per face while the 
gyratory ones were obtained by imposing 100 gyrations. Volumetric parameters of all 
the specimens were evaluated by means of standard ASTM procedures and 
calculations, while workability characteristics were assessed from the data recorded 
during gyratory compaction... In the case of most mixtures it was observed that, when 
comparing the obtained results with those of the reference mixtures, for low values of 
RDP dosage (e.g. 2.5%) a reduction of workability and increase of self-compaction 
were recorded.  
The results derived from gyratory compaction were considered also from the 
viewpoint of SUPERPAVE specifications. In particular, it was observed that all the 
considered mixtures meet the requirement set on the compaction obtained at 10 
gyrations (C10) which has to be less than 89% in order to assure the formation of an 
acceptable aggregate structure. 
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The volumetric of the mixtures was assessed, as a function of RDP dosage and type, 
by evaluating the voids in the mineral aggregate (VMA) and the voids content (%v) 
both of the Marshall and of the gyratory-compacted specimens. 
VMA, shows that even though the measured values are comprised within sufficiently 
narrow VMA ranges, as the RDP content increases the packing of the aggregate 
skeleton is reduced (i.e. the value of VMA tends to increase). This effect, which is 
due to the variation of the viscosity of the binder, is quantitatively relevant especially 
for blends with 10% LDPE-f. In general terms it was also observed that VMA seems 
to be more susceptible to RDP dosage in the case of finer, fibre-form RDP (LDPE-f). 
Similar observations can be made by looking at the mean values of the voids content. 
As expected, leaner mixtures have a higher void content and the finer RDP (LDPE-f) 
tends to produce greater variations of the measured parameter. Figure also shows the 
acceptance ranges derived from Italian specifications, which in most cases do not 
include the experimental data. This suggests that in order to reduce the voids content 
of these special mixtures it would be necessary on one hand to recalibrate the 
reference acceptance criteria regarding aggregate size distribution (especially in its 
finer part) and binder content, and on the other hand to increase compaction effort in 
the field and in laboratory simulation. The volumetric data shown in Figure, which 
are expressed in terms voids filled with asphalt (VFA), confirm the observations 
made above. It is apparent that in order to ensure adequate durability to these 
mixtures, remedial measures to mix design are necessary in order to keep the value of 
VFA sufficiently high when employing RDP blends with more than 2.5% RDP 
dosage. 
Mechanical characterization of mixtures with LDPE modified bitumen 
For the mechanical characterization of the mixtures, both standard quality control 
tests and more fundamental procedures were used. Before performing these 
destructive tests, both series of specimens were used for the measurement of elastic 
stiffness at 20°C by means of the repeated load indirect tensile test carried out 
according to the European standard procedure. 
Elastic stiffness proved to be quite sensitive to RDP dosage, with values that were 
almost doubled, when compared to those of the reference mixtures, at a percentage 
comprised between 5 and 10%. It was also observed that greater stiffening effects are 
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associated to the use of the coarser, granular type, RDP (LDPE-g). In all cases the 
specimens prepared by means of gyratory compaction, in which a greater packing of 
the aggregate skeleton takes place, gave higher values of elastic stiffness. 
7.4.3   Conclusion 
In first place it was observed that both types of RDP available, which differ by shape 
and density, could be homogeneously blended with bitumen if an appropriate mixing 
time was taken. The effects that were obtained with the two plastics at increasingly 
high dosages (up to 10% by weight of the bitumen) were quantified by means of 
empirical and rheological tests. It was observed that the two plastics give different 
effects which correspond in both cases to general stiffening of the original binder 
which increases with RDP dosage. However, limitations on the possible dosage of 
RDP in future field applications derive from the mixing and compaction temperatures 
that were calculated from viscosity measurements. In particular, it was observed that 
with RDP dosages greater than 5% the corresponding working temperatures would 
not be easily and economically obtained in normal production and construction 
operations. 
In the second part of the project the bitumen-RDP blends were used as binders in 
bituminous mixtures prepared according to reference recipes and acceptance criteria. 
The mixtures were characterized by a volumetric and mechanical point of view, 
obtaining results which are coherent with those derived from binders. In particular, it 
was observed that by increasing RDP dosage a reduction in compaction, revealed by 
the increase of VMA and voids content, was coupled with a global stiffening of the 
mixture, demonstrated by the values of elastic stiffness measured at 20°C. Results 
derived from indirect tensile strength tests and Marshall Tests confirmed these 
conclusions, even though care should be taken in examining these data in absolute 
terms. 
Based on the complete set of experimental data synthesized in this paper it may be 
concluded that due to their stiffening effects the use of RDP’s as bitumen additives 
appears to be quite promising. In particular, the use of 5% granular LDPE could 
produce non negligible benefits in the field while still allowing for standard mixing 
and compaction operations to be carried out. In order to fully support these 
conclusions further investigations should be carried out in the future. On one hand 
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they should focus on the mix design process, taking into account the presence of the 
plastic and its effect on the optimal aggregate size distribution and binder content; on 
the other hand, performance-related properties should also be evaluated especially by 
considering the aptitude of the mixtures to resist to permanent deformation and 
fatigue cracking. Finally, the laying of experimental sections could also be an asset in 
the global evaluation of these innovative materials. 
Binder Penetration [dmm] Softening point [°C] Density [g/cm3] 
Table 7.10: Penetration, softening point and density of the binders considered in the 
investigation 
80-100 67 47.5 1.035 
80-100 + 2.5% LDPE-g 39 53 1.029 
80-100 + 5% LDPE-g 32 61 1.020 
80-100 + 10% LDPE-g 18 58 1.017 
80-100 + 2.5% LDPE-f 53 48 1.035 
80-100 + 5% LDPE-f 47 50 1.025 








7.5 LABORATORY MIX DESIGN AND PERFORMANCE ASSESSMENT OF 
BITUMINOUS MIXTURES CONTAINING RECYCLED PLASTICS (E. 
Santagata, M. Bassani,  Department of Hydraulics, Transportation and Civil 
Infrastructures, Politecnico di Torino, Torino, ITALY) 
In this study, it was presented the experimental results obtained by employing 
Recycled plastics in bituminous mixtures in partial substitution of the particles 
composing the aggregate skeleton. Various types of plastics were sampled from 
manufacturing plants and/or waste collecting sites. Laboratory tests were carried out 
in order to define for each plastic type a reference dosage this leads to acceptable 
volumetric properties evaluated by making use of gyratory-compacted specimens.  
Design mixtures were thereafter subjected to mechanical tests in order to assess their 
most relevant performance-related properties in a wide range of temperatures 
(Comprised between 0 and 40°C). Obtained results highlight the fact that plastics 
may significantly affect the stress-strain behavior of bituminous mixtures and that 
observed responses are extremely dependent upon plastic type. 
The goal of the project was to seek an alternative use of plastics obtained as by-
products of manufacturing processes or available within the framework of differential 
waste collecting. Since current Technical Specifications do not specifically refer to 
the use of recycled plastics in bituminous mixtures, the approach adopted for 
characterization was based on the evaluation of both volumetric properties, to which 
design and acceptance procedures routinely refer for standard mixtures, and 
mechanical, performance related properties, which are recommended in the case of 
innovative materials such as those considered in the study. The experimental 
investigation was performed in the “Experimental Laboratory of Innovative and 
Recycled Materials for Civil Engineering Infrastructures” (LAQ-MIR) of the 
Politecnico di Torino. 
7.5.1  Experimental Investigation 
Materials and Methods 
Plastic by-products and waste materials were subsequently sampled and subjected in 
the laboratory to a quick evaluation of their basic characteristics in terms of 
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homogeneity, mechanical resistance, particle size and shape. Furthermore their 
aptitude to be mixed with or to melt in bituminous binders was assessed. 
Five different plastic types were selected as a result of the abovementioned screening 
process (Table 7.11). All materials were made of granular particles with polyhedric 
shape, totally passing the 10 mm sieve but characterized by significantly 
different size distributions as indicated by the P5 and P2 data shown in Table 7.11, 
which identify the percentages passing two critical sieves (5 and 2 mm opening). 
Table 7.11: Five different plastic types were selected as a result of the 
abovementioned screening process 
 
Bituminous mixtures were prepared by employing a 70/100 pen binder, four fractions 
of a single-source siliceous aggregate (0-5, 3-8, 8-15 and 15-25 mm), and 
Portland cement filler of the 32.5 type. Following the preliminary characterization of 
the various aggregate fractions (i.e. determination of particle size distribution) and of 
the binder (i.e. standard specification tests), the Authors focused on the mix 
design of bituminous mixtures for binder courses. In the first stage of the mix design 
procedure, reference mixtures, containing no plastic, were proportioned according to 
Italian Performance-Based Technical Specifications CIRS, Norme Tecniche di Tipo 
Prestazionale per Capitolati d’Appalto, Ministero delle Infrastrutture e dei Trasporti, 
Roma, 2001, by considering the acceptance limits set on binder content (4.5÷5.5%) 
and particle size distribution of the aggregates. Binder content was varied, in 0.5% 
steps, between 4.0 and 6.0%. Mixing was carried out manually at a temperature of 
150°C, which was established based on viscosity measurements carried out with the 
Brookfield apparatus and by referring to a target viscosity of 1.7 Poise. Samples of 
each mixture were then subjected to tests for the determination of the theoretical 
maximum density (TMD) and compacted (at 100 gyrations) by means of a gyratory 
shear compactor (GSC) operated according to SHRP settings and procedures GSC 
compaction curves were modeled by considering a linear relationship of the percent 
compaction (C) data points plotted as a function of the logarithm of the number of 
gyrations (N). Thus, self-compaction and workability parameters (C1 and k), which 
are contained in the expression model (C = C1 + klogN), were evaluated for each 
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mixture. GSC specimens were subjected to a full volumetric characterization and to a 
detailed mechanical investigation which included elastic stiffness tests, carried out at 
0 and 20°C in the indirect tensile configuration under repeated pulse loading (124 ms 
rise time, 7 µm target horizontal deformation) and uniaxial creep tests, performed at 
40°C under a vertical stress of 100 kPa (3600 s loading time, 3600 s recovery time). 
Optimum binder content of the reference mixture was established by referring to the 
compliance with the acceptance limits set on the volumetric properties in the 
abovementioned Technical Specifications CIRS, Norme Tecniche di Tipo 
Prestazionale per Capitolati d’Appalto, Ministero delle Infrastrutture e dei Trasporti, 
Roma, 2001. Plastics were thereafter added to the optimum reference mixture by 
substituting an increasing (volumetric) percentage of the aggregate skeleton. 
Preliminary analysis of the particle size distributions (of aggregates and plastics) 
indicated that the 3-8 mm fraction (with P5 and P2 respectively equal to 10.3 and 
1.4%) was the preferred candidate for substitution. In the study, substitution was 
operated at three different percentages (10, 25 and 50%). 
Mixtures containing various percentages of recycled plastics, prepared and compacted 
by following the same procedures adopted for the reference mixtures, were subjected 
to volumetric characterization. Depending upon the results of these 
tests, the optimal plastic percentage were selected and the corresponding mixture was 
thereafter subjected to a detailed mechanical investigation. 
Results derived from volumetric and mechanical tests were compared to those 
obtained for the reference mixtures in order to assess the effects caused by the use of 
plastics and to express a preliminary evaluation of their possible end-use. 
7.5.2 Results 
Figure 7.32 contains the job-mix formula of the reference mixtures and the resulting 
particle size distribution of the aggregates. 
 
Figure 7.32: Fraction and Percentage 
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Figure7.33: Percent Passing and Diameter 
Job-mix formula and particle size distribution of the reference mixtures Results 
obtained from volumetric tests are synthesized in Table 7.12 which contains, as a 
function of binder content (%B), the average values of the theoretical maximum 
density (TMD), bulk density (BD) and void content at 10 and 100 gyrations (%v10 
and %v100). Listed data are totally coherent with expectations; however, CIRS 
acceptance limits (%v10=10÷14%, %v100=3÷5%) are satisfied only by the highest 
binder content values (5.5 and 6.0%). Thus, due to the restriction on its maximum 
value, an optimal binder content of 5.5% was selected. 






By adding the various plastics to the optimum reference mixture, volumetric 
properties changed significantly as indicated by the results given in Table 7.13. The 
three values of voids listed for each plastic type refer to increasing values of 
percentage substitution (equal to 10, 25 and 50%). Mean values of bulk and 
theoretical maximum density have been omitted. 
It is interesting to note that depending upon their specific chemical, geometrical and 
mechanical properties, different plastics yielded entirely different results as a function 
of their increasing dosage. 
For some of the plastics (ABS, PE and PP), void contents increased with percentage 
substitution. In the case of ABS and PE the minimum dosage was selected as the 
design value even though void content values at 100 gyrations exceeded the 
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Specification limit (set at 5%). For plastic PP the exceedingly high void content 
values suggested a supplementary set of samples to be prepared with a binder content 
of 6.0%. The corresponding series was identified by code PP* and exhibited 
a decreasing trend of the void content values, with a minimum (equal to 7.2%) at 50% 
plastic substitution. For polyamide plastics (PA and PA-S) a minimum value of the 
void content was observed at 25% substitution. 
Table 33 synthesizes the selected design plastic dosage (DPD) for each plastic type 
and the corresponding average void content value at 100 gyrations (%v design). It 
should be underlined that the design mixtures containing plastics are generally less 
compacted than reference ones, with void content values which are comprised 
between 3.3 (plastic PA-S) and 7.2% (plastic PP with 6% binder). 
Table 7.13: Adding the Various Plastics to the Optimum Reference Mixture 
 
 
Average compaction parameters obtained by analyzing the GSC plots of all mixtures 
(reference and with plastics) are plotted in Figure 7.34. It is shown that as the binder 
content is increased in reference mixtures; both self-compaction and workability tend 
to increase. By employing plastics, different effects are observed depending on plastic 
type. Due to the alterations of the original particle size distribution caused by the 
presence of plastic, in most cases a decrease of workability parameter k was recorded. 
Self-compaction showed a greater variability since it may be significantly influenced 
not only by the packing of the plastic particles within the mixture, but also by the 
extremely low density of all plastics (ranging between 0.9 and 1.5 g/cm3). 
Despite the extremely low volume occupied in the compacted mixtures (comprised 
between 0.54 and 2.69%), plastics greatly affected their stiffness. This is shown in 
Figure, which contains average stiffness values measured at 0 and 20°C. As the 
binder content was increased, reference mixtures showed a stiffness decrease at 20°C 
(ranging from 5250 to 3700 MPa), while they exhibited an almost constant value of 
stiffness at 0°C (of the order of 12500 MPa). By considering only mixtures with 5.5% 
binder, it was observed that stiffness variations at 20°C due to plastic substitution 
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were mainly controlled by volumetric effects and in any case were quite limited 
(comprised between +31% and -20%). On the contrary, significant variations were 
recorded at 0°C for plastics ABS and PE, which were respectively associated to 
stiffness values of 18000 and 15500 MPa. This probably stems from the effective 
low-temperature stiffness of the plastic particles and from their interaction with the 
binding matrix. 
The mixture containing PP with 6.0% binder exhibited a very low stiffness both at 20 
and 0°C due to its composition (DPD = 50) and volumetric (%v design = 7.2). Non 
negligible effects of plastic substitution were also observed while analyzing creep test 
results. These are synthesized in Figure 4, which refers to compliance at 1 
second loading time (J1) and to permanent strain after recovery (εp). Both parameters 
quite obviously tend to increase as the binder content is increased in reference 
mixtures. In the other mixtures, as a result of the relatively high test temperature 
(40°C) and long loading time (3600 s), viscoelastic properties of the added plastic 
particles come into play. Plastics that exhibited stiffening effects at 0°C (ABS and PE) 
proved to be also those which yielded a stiffening effect in creep tests with a 
significant reduction of both J1 and εp. The other plastics caused a slight increase of 
both parameters, with values which are quite close to those of reference mixtures. 
 
 
Figure 7.34: Compaction parameters as a function of binder content and plastic type 
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Figure 7.35: Stiffness at 20 and 0°C as a function of binder content and plastic type 
 
Figure 7.36: Creep parameters at 40°C as a function of binder content and plastic 
type 
7.5.3 Conclusion 
Based on the results obtained in the experimental investigation, it can be concluded 
that plastics which substitute part of the aggregate skeleton may strongly affect the 
stress-strain behavior of bituminous mixtures even if employed in very small 
quantities. Widely different volumetric structures and mechanical responses 
(associated to stiffening or softening) can be observed by employing different plastic 
types. This depends not only on their chemical composition, but also on their size 
distribution, shape, texture and mechanical properties. 
With the limited experimental data available and in absence of field observations it is 
not possible to express a straightforward evaluation of the possible end-use of 
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 such mixtures. However, it is envisioned that they may be employed with a careful 
consideration, in the design phase, of climatic and loading conditions. Thus, detailed 







From residential homes to commercial buildings, and from hospitals to schools, 
architects and designers rely on plastics to help maximize energy efficiency, 
durability and performance.  In addition to potentially lightening a structure’s 
environmental footprint, properly installed plastic building products can help 
reduce energy and maintenance costs over many years.  
Many applications even help to save resources, such as light weight polycarbonate 
containers that reduce fuel consumption during transport, lightweight and 
aerodynamic automotive parts that reduce fuel consumption, and multi-wall sheets 
which are heat insulating and contribute to energy savings. At the end of a 
polycarbonate product’s life it can be recovered, recycled and disposed of safely. 
Industrial process piping (and accompanying in-line components) can be 
manufactured from wood, glass, steel, aluminum, plastic and concrete. The in-line 
components, known as fittings, valves, and other devices, typically sense and 
control the pressure, flow rate and temperature of the transmitted fluid, and usually 
are included when one discusses the concept of piping design. 
Plastics are the most significant contributors to the energy content -calorific value- 
of MSW. Most waste plastics have a high calorific value (CV) -at about 40 MJ/kg- 
similar to fuel oil. Recycling them save energy besides protect the environment. 
Recycling waste plastics can be helpful for L/RAs wishing to make local 
environmental improvements, locally, regionally, nationally and globally through: 
avoiding wastage of resources reducing the need for new waste disposal facilities 
limiting greenhouse gases emissions. 
Limiting Greenhouse Gases Emissions, when compared with the processes of 
producing virgin resins, recycling processes produce less.  
Recycling can be an opportunity to create local jobs in collection, sorting, 
communications, administration and reprocessing. The reprocessing can be 
undertaken locally, regionally or beyond, and consequently the positive economic 
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aspects of increased employment can be local or dispersed further a field. Job 
creation obviously brings many positive social effects 
Waste plastics recycling can help reduce waste treatment costs in two ways. This is 
not to say that plastics recycling will remove the need for incineration or other 
forms of energy recovery. These technologies will inevitably be required for the 
fraction of plastics that cannot be recycled. 
Development of new end uses for recycled PET bottles (like coating for corrugated 
paper and other natural fibers to make waterproof products like shipping containers) 
will fuel the demand for more post-consumer plastics in the future. Recycling them 
also save more fuel for future applications. 
Another way to use recycled plastic is road construction. An asphalt concrete or 
paving material includes from 5 to 20 percent or more of granular recycled plastic, 
which supplements or replaces the rock aggregate component of the mixture. The 
material produces a structurally superior paving material and longer lived roadbed. 
The paving material includes any and all residual classes of recyclable plastic, 
including thermosetting plastics and other plastics having little to no current 
widespread utility. The material produces roadbeds of higher strength with less 
total asphalt thickness and having greater water impermeability, and is most useful 
for all layers below the surface layer.  
The recycle LLDPE contained pigments and fillers such as titanium dioxide, 
calcium carbonate and carbon black. These organic materials do not appear to have 
a major effect on the yield strength properties; however failure strain is below that 
of the other PE modified binders. The polyethylene in sample designated 
contamination does not appear to have influenced the results. While research to 
date has been conducted primarily with polyethylene material, the recycled diaper 
waste (R-PMB-3) appears equally effective despite the presence of approximately 
40% (by wt) polyethylene.  
The improved low temperature yield performance of the stabilized polyethylene 
modified binders is thought to be a result of synergistic benefits between the PE 
core and elastomeric steric layer. Polyethylene has a much lower glass transition 
temperature than the asphalt matrix in which it is dispersed as does the elastomeric 
stabilizer. 
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High temperature performance, thermal stability of the modified asphalt binders 
was examined with a Bohlin dynamic shear rheometer at a temperature of 60°C, 
typically the maximum service temperature of asphalt roads. 
If we compares the elastic storage modulus (G) of two stabilized PE modified 
binders (PBM-2 and PBM-3) with the parent asphalt control and a commercial SB 
rubber modified asphalt, across a broad range of frequencies approximating normal 
traffic conditions. Both stabilized PE modified binders exhibited a greater storage 
modulus compared to the asphalt control: 
The Marshall test results for a mix prepared with stabilized PE asphalt binder 
(PMB-4 with 150/200) are summarized mix (85/100) provided assurance that the 
stabilized PE modified binder is similar in process ability and behavior.  
The low temperature performances of the mixes constructed with the modified 
binders say that the polyethylene modified mixes should have greater toughness 
and durability in service. These results on the asphalt concrete mixes are consistent 
with the observed behavior of the corresponding binders. 
Two types of LDPE were considered in the study. Both were sampled from the 
same RDP production plant but are characterized by different shape and density 
depending upon the specific transformation process from which they originate. In 
fact, the one available in fibre form (denominated LDPE-f) has a density, equal to 
1.724 g/cm3, which is almost double than that of the LDPE available in granules 
(LDPE-g), equal to 0.946 g/cm3. The two products share the same melting point, 
comprised between 115 and 120°C, and the same melt flow index, in the range of 
0.2-0.5 g/10’ as evaluated by ASTM test procedure D1238. 
The RDP’s have an overall stiffening effect (i.e. penetration decrease and softening 
point increase) which increases with their dosage in the binder. However, test 
results proved to be quite sensitive to LDPE type, with an enhanced stiffening 
effect associated to the use of the plastic available in granular form (LDPE-g). 
It was observed that as the percentage of added RDP is increased, the yield stress t0 
of the material, which corresponds to the stress value beyond which flow 
conditions may be initiated, tends to increase. However, at least up to a RDP 
dosage of 5%, the value of such a parameter seems not to be affected by RDP type. 
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On the contrary, RDP type affects the viscosity h of the blends modelled according 
to a simple Bingham model, is greater in the case of materials containing LDPE-g. 
For low values of RDP dosage (e.g. 2.5%) a reduction of workability and increase 
of self-compaction were recorded. These effects seem to depend from RDP type 
and binder content, and tend to disappear in the case of fine RDP (LDPE-f) and 
higher binder content (mixture B). However, for greater values of the RDP dosage 
(from 5 to 10%), a different common trend was identified for all the mixtures: 
increasing dosages of RDP cause an increase of workability and a decrease of self-
compaction. 
The effects that were obtained with the two plastics at increasingly high dosages 
(up to 10% by weight of the bitumen) were quantified by means of empirical and 
rheological tests. It was observed that the two plastics give different effects which 
correspond in both cases to general stiffening of the original binder which increases 
with RDP dosage. However, limitations on the possible dosage of RDP in future 
field applications derive from the mixing and compaction temperatures that were 
calculated from viscosity measurements. In particular, it was observed that with 
RDP dosages greater than 5% the corresponding working temperatures would not 
be easily and economically obtained in normal production and construction 
operations. 
In particular, it was observed that by increasing RDP dosage a reduction in 
compaction, revealed by the increase of VMA and voids content, was coupled with 
a global stiffening of the mixture, demonstrated by the values of elastic stiffness 
measured at 20°C. Results derived from indirect tensile strength tests and Marshall 
Tests confirmed these conclusions, even though care should be taken in examining 
these data in absolute terms. 
In particular, the use of 5% granular LDPE could produce non negligible benefits 
in the field while still allowing for standard mixing and compaction operations to 
be carried out. In order to fully support these conclusions further investigations 
should be carried out in the future. On one hand they should focus on the mix 
design process, taking into account the presence of the plastic and its effect on the 
optimal aggregate size distribution and binder content; on the other hand, 
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performance-related properties should also be evaluated especially by considering 
the aptitude of the mixtures to resist to permanent deformation and fatigue cracking. 
It was observed that the difference was high for LDPE polymers and the difference 
has increased with the increase of polymer concentration. But EVA polymers 
showed less decrease in viscosity when temperature was increased from 50ºC to 
60ºC. This decrease in viscosity is even less at high EVA concentrations. 
Binders containing the RDP additives were subjected to empirical characterization 
tests. As expected, it was observed that the RDP’s have an overall stiffening effect 
(i.e. penetration decrease and softening point increase) which increases with their 
dosage in the binder. However, test results proved to be quite sensitive to LDPE 
type, with an enhanced stiffening effect associated to the use of the plastic available 
in granular form (LDPE-g).  
The effects that were obtained with the two plastics at increasingly high dosages 
(up to 10% by weight of the bitumen) were quantified by means of empirical and 
rheological tests. It was observed that the two plastics give different effects which 
correspond in both cases to general stiffening of the original binder which increases 
with RDP dosage. However, limitations on the possible dosage of RDP in future 
field applications derive from the mixing and compaction temperatures that were 
calculated from viscosity measurements. In particular, it was observed that with 
RDP dosages greater than 5% the corresponding working temperatures would not 
be easily and economically obtained in normal production and construction 
operations. 
The mixture containing PP with 6.0% binder exhibited a very low stiffness both at 
20 and 0°C due to its composition (DPD = 50) and volumetric (%v design = 7.2). 
The other plastics caused a slight increase of both parameters, with values which 
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